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INSA 


PREFACE 

Solid State Chemistry is an emerging frontier area of chemical science The subject 
IS not only academically exciting, but also technologically relevant because of its 
obvious importance in tailoring solids of desired properties The Academy consider¬ 
ed it most worthwhile to have a symposium on Solid State Chemistry during the 
Golden Jubilee year. The enthusiastic response from colleagues abroad and co¬ 
operation of colleagues in this country has made it possible to organise such a 
symposium The participants in the symposium included experts as well as young 
beginners. There was also a judicial mix of topics covering various aspects of 
synthesis, structure, properties and reactivity This volume containing the proceed¬ 
ings of the symposium reflects the present status of the subject and also its interdis¬ 
ciplinary nature 

The symposium had around 50 participants The small number of participants 
promoted free exchange of ideas and a cordial atmosphere in the symposium The 
symposium owes much of its success to the colleagues from abroad who took 
considerable trouble to come all the way to India 

I am most thankful to the speakers for providing the manuscripts of their 
lectures I do hope that the proceedings will be found useful to all those interest¬ 
ed in solid state chemistry 

I am thankful to Dr J Gopalakrishnan and Mr S K Sahni for their invaluable 
help in organizing the symposium and to Dr M Dhara and Mr J Saketharaman m 
producing this volume 


CNR Rao 

Date . 15-03-1986 President 

Indian National Science Academy 
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DEVELOPMENTS IN SOLID STATE CHEMISTRY : 

A PARTIAL OVERVIEW*-^ 

C N R Rao 

Indian Institute of Science, Bangalore 560 012, India 
(Received 4 December 1985) 

A brief survey of recent trends in solid state chemistry is presented. Some of 
the topics covered are crystal chemistry, synthesis, techniques of characteri¬ 
zation, non-stoichiometry, phase transitions, reactions, structure-property 
relations, non-crystalline solids and catalysts Several examples from the work 
carried out in the author’s laboratory are cited 

Introduction 

Solid State Qiemistry has emerged to become one of the important interface areas 
m modern chemical science. We cannot possibly forget that one of the earliest pro¬ 
blems that intrigued chemists related to the stoichiometry of chemical compounds in 
the solid state This age-old controversy between Bertholet and Proust whether com¬ 
pounds were stoichiometric or non-stoichiometric has been understood relatively 
recently The periodic table has formed the basis for many of the -advances made 
in solid state science It is in efforts to simulate group IV elements like silicon 
and germanium that a large number of III-V, II-VI, I-VII compounds possessing a 
variety of electronic properties of technological value were investigated Intelligent 
use of the periodic table continues to provide a wealth of ideas for preparing new 
types of solids possessing novel structures and properties. Solid state chemistry is 
gaming mcaersmg importance in the last few years because of its role in developing 
new materials as well as substitutes for natural materials 

Chemical science may be considered to have three major components structure, 
dynamics and synthesis These three facets of chemistry also form the essential 
basis for the contributions that chemists make to the study of solids The unusual 
skill with which chemists relate structures of compounds to their properties and 
synthesize (tailor-make) substances of desired properties makes their contributions 
to the study of solids unique Solid state chemistry has, therefore, become an 
essential part of the broader discipline of materials science with chemists providing 
their own methods and approaches to the study of solids In this presentation, I 
shall briefly survey some recent trends in solid state chemistry''’- in an attempt to 
illustrate the nature of the subject and to show how it works 

••■Contribution No 338 from the Solid State and Structural Chemistry Unit, Indian Institute of 
Science, Bangalore 560012 



2 


C NRRAO 


Crystal Chemistry 

Crystal chemistry forms the backbone of much of solid state chemistry Crystal 
chemical principles provide the basis for visualising and predicting structures.®-* 
Based on an understanding of the structure and bonding in crystals, one can 
explain properties of complex solids but and synthesize them. A unique 
feature of many reactions in solid state is that they are governed by crystal 
chemistry or packing rather than by the usual rules of chemical reactivity. 
Although various types of crystal structures have been adequately described in 
the literature, there have been attempts in recent years to find new ways of descri¬ 
bing structures e g on basis of reflection, rotation and such operations.®’^ The 
role of non-bonded interactions in determining inorganic structures is being increa¬ 
singly recognised.® Molecular orbital calculations within the extended Huckel 
framework are often carried out to explain relative stabilities of structures. 

While the structure and lattice energies of common ionic solids can be 
satisfactorily accounted for within the framework of the Born model, properties 
of partly covalent solids such as III-V and II-VI compounds can be understood 
by taking ionicity into account Phillips’ scale of lonicity is eminently useful 
in this regard Cohesive energies and other properties of organic solids are 
adequately described by making use of atom-atom potentials, the form due to 
Kitaigorodskii being especially successful.’-® 

Empirical criteria have been derived for the overlap of cation-cation and 
cation-anion-cation orbitals on the basis of crystal structures to provide a unified 
picture of magnetic and electronic properties of oxides and other inorganic 
solids.i®’’* Conceptual phase diagrams have been constructed in terms of the 
transfer energy, b, or overlap integral (Fig 1) A large overlap integral may be due 
to strong cation-cation or cation-anion-cation interaction; since b depends on the 
atomic separation, R, the occurrence of a transition from a localized to collective 
electron behaviour at b=ba implies existence of a critical distance, Rc, for the 
transition to occur One electron energy diagrams are constructed by assuming the 
most probable hybridization of anionic and cationic oibitals and such diagrams are 
useful in understanding and predicting electronic and other properties of materials 
(Fig. 2) 


Synthesis 

The most common method employed to prepare solids®’’®'’’ is the ceramic method 
generally involving repeated grinding and heating of leactunt powders, many 
complex oxides aie prepared in this manner Sealed tube reactions arc used to 
prepare chalcogenides The ceramic method involves large diffusion distances 
for the reacting cations (upto lOO.OOOA) Some novel chemical methods of preparing 
solids have emerged recently and these generally involve low temperatures and 
often give high surface area products. Of these, the compound or the solid solution 
precursor method is noteworthy’®-®®, the method involves forming a compound or 
solid solution which would contain the required (two or more) cations in the proper 
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Fig I Schematic phase diagrami^’”, is the 
number of </-electrons per orbital 



Fig 2 Schematic energy band scheme for 

ReOjW’3* 
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rapid and complete at low temperatures. Compound precursors are not always 
easy to find for a required preparation The solid solution method allows a 
continuous variation of the cation composition Thus, by employing the carbonate 
precursor Cai-^MUieCOa, one can make a variety of oxides m the Ca-Mn-O 
system; there are several other possible carbonate solid solutions of calcite structure 
formed by Ca, Cd, Mn, Fe and other metals. Unusual oxides such as Ca2Mn2-x 
FexOg with novel metal coordinations have been prepared from precursors One 
can similarly employ nitrate, oxalate, cyanide and hydroxide precursors. Some 
oxides (e.g. Pb2Ru2-*Pbx*+07-v) can be made by synthesis m alkaline solution.^® 
Intercalation, by chemical or elecrochemical means, gives oxides such as LiaCoOj, 
where Li+ can be reversibly removed 

A number of solids such as transition metal chalcogenides, layered silicates and 
graphite have been used as host solids to intercalate guest species which vary from 
atomic species (hydrogen, alkali metals) to molecules (H2O, NH3, heterocyclics, 
organometallics). The subject of intercalation has grown enormously in the 
last five years The most well-known of the intercalation compounds are the 
different stage compounds of graphite with electron donor as well as acceptor 
guests (e g. K, FtClg). Dichalcogenides of group IV, V and VI metals (Ti, Zr, Nb, 
Ta) possess layer structures which accommodate a variety of guest molecules 
including Lewis bases (e.g amines), metal or molecular cations and neutral mole¬ 
cules. These intercalates show lattice expansion perpendicular to the layer planes 
and some of them exhibit superconductivity. 

High pressures are often employed to stabilize high oxidation states of metals 
or to prepare oxides with a high degree of stoichiometry Hydrothermal condi¬ 
tions are conducive for preparing certain materials including quartz®^® High tempe¬ 
ratures often required to prepare refractory materials from melts are achieved by 
the arc method or the skull method The mam point to note is that a broad 
range of conditions and unique ways of attaining them are available to solid state 
chemists today, these include irradiation by intense laser beams and electron beams, 
ultrarapid quenching, very high pressures, carefully controlled oxidising or reducing 
atmospheres and ultra-high vacuum Such techniques combined with new methods 
of characterization have made it possible to prepare an astonishing variety of solids 
In the family of metal oxides alone, over twenty homologous series of oxides have 
been discovered, besides oxides of different structures and controlled stoichiometries, 
novel suboxides of alkali metals, oxides formed by recurrent intergrowth and with 
infinitely adaptive structures have been discovered Chemical vapour transport has 
provided a means of preparing a number of important materials 

Techniques of Characterization 

New and improved techniques of characterization that have become available in the 
last few years have revolutionized solid state chemistry. We shall briefly mention 
some of the important ones While X-ray diffraction continues to be an indispen¬ 
sable tool for the determination of structure and identification, high resolution 
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Fig 4 Magic angle spinning ^®Si NMR of faujasite Observed (top) Simulated (bottom) Number 
shown on peaks are the number of A1 atoms surrounding the Si atom 

transmission electron microscopy (HREM) has added a new dimension for investiga¬ 
ting ultramicro structure and local order of solids, analytical electron microscopy 
(with EDAX and EELS) can be earned out on us little as 10 "^® g of the sample 
Scanning transmission electron microscopy is used to study the morphology of 
particles (e g of catalysts) as small as lOA Electron diffraction which is an essen¬ 
tial part of HREM provides information on supeistructures resulting fiom defect 
ordering often not found by X-ray diffraction Profile analysis of diffraction 
patterns (both neutron and X-ray) enables the study of stiuctural details even with 
powder samples The availability of intense neutron sources has made the neutron 
diffraction profile analysis-' specially more powerful 

Structural tools such as neutron spectroscopy, optical spectroscopy and Moss- 
bauer spectroscopy are well known A recent addition to the arsenal of 

solid state chemists is high resolution NMR spectroscopy of solids with magic 
angle spinning and cross polarization For example, the ordering of A 1 and Si 
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Fig 5 **Si MASNMR spectra of Lthium silicate glasses and their decomposition into Gaussiam 
both m chemical shifts and Si— O—Si angles (a) (a) vitreous silica, (b) 15Li*0-85 SiO* 
glass, (c) 33.3LiaO-66 7 SiOa glass, (d) 40LigO-60 SiO* glass 

atoms in zeolites can only be found by this technique (Fig 4 ) and X-ray diffraction 
is of limited use mthis regard. In Fig. 5 , we show how the =^®Si MASNMR 
spectra of hthium silicate glasses provide information on the distribution of Si-O-Si 
angles.®^ 

EXAFS, particularly with synchrotron radiation, has been useful to investigate 
amorphous materials and catalysts.®® In Fig. 6, we give a typical example of the 
use of EXAFS in the study of catalysts. Surface techniques such as UV and 
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Fig 6 EXAFS study of Cu 75-Ni25/Al A calalyst: ( 4 ?) Raw EXAFS data, {b) normalized data, 
(c) Fourier transformed data, (of) back transform and fit to models (after Sankar, Vasudevan 
and Rao unpublished results) 

X-ray photoelectron spectroscopy and Auger electron spectroscopy give direct 
information on the electron states of solids as well as on solid state phenomena 
What is truly gratifying today, is the variety of alternative techniques available 
for investigating solids. For example, the number of ^/-electron states in catalysts and 
other transition metal systems can be determined by Auger spectroscopy. X-ray 
absorption spectroscopy (EXAFS and XANES) and electron energy loss spectroscopy 
earned out in an electron microscope si’ss.ao p,g 7^ show L edges of 
three transition metal oxides obtained from EELS carried out in an electron 
microscope 

Defect Solids and Non-Sfoichiomltry 

Chemists have played a major role in the understanding of point defects in solids 
from the very beginning, the early contributions of Wagner being particularly note¬ 
worthy Equlibria involving point defects have been usefully investigated from the 
quasicheraical standpoint The essentials of the equlibnum treatment involve (a) 
the intrinsic equilibria of point defects and of electron distribution, {h) the ioniza¬ 
tion of defects, (c) the transfer reaction whereby atoms of the metal (cation) or the 
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Fio 7 Metal L-absorption edges of three transition metal oxides obtained from EELS carried out 
in an electron microscope 

ligand (amon) are exchanged between sites in the crystals and a gaseous phase at 
a given chemical potential in equilibrium with the crystal and id) a charge balance 
condition. It was realized some years ago that all crystalline inorganic compounds 
have a finite composition range of stability and that it would be more appropriate 
to talk of the extent of non-stoichiometry in compounds rather than of non-stoichio- 
metric compounds Although the point defect model provided the basis for discus¬ 
sing non-stoichiometry and contributed much to the advances made in the area of 
defect solids,newer concepts became necessary to understand systems with 
high defect concentrations 

It has now become clear that m systems where deviations in the occupancy of 
cation and anion sites are large compared to the assigned crystal structure (say 0 1 to 
20 per cent sites associated with vacancies or interstitials), the point defect model 
IS not applicable. The real structure of such solids involves complcxation or 
ordering of defects often giving rise to new structural ramifications Thus, in 
the well-known cation-deficient oxide FeO, defect complexes with four tetrahedral 
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Fig 8 Koch-Cohen cluster in cation-deficient FeO. 

iron atoms surrounded by 13 vacant sites (giving the ratio of octahedral cation 
vacancies to tetrahedral iron of 3 25 ) are present (Fig 8). Defect complexes are 
found in anion-deficient oxides of fluorite structure Such defect clusters are also 
found in Y2O3-YOF and in Zr02-Y203 systems. In anion excess flourites containing 
high defect concentrations, 2:2 2 clusters are found, a typical example being U4O9. 
In metallic TiO and NbO (with 15 percent and 25 per cent of both cations and 
anions missing), defects are ordered giving rise to low-symmetry structures. 
Ordering of defects in such solids results in the formation of superstructures readily 
seen m electron diffraction patterns A variety of solids show such superstructures 
including oxide perovskites, metal sulphides and carbides Computer calculations 
employing appropriate potentials which were once useful to investigate point defects 
are employed to study defect ordering as well *8 

There are solids where the irrational anion cation ratios are accommodated by 
the formation of planar defects or structural singularities In anion-excess stiuctures, 
(e g, YF 3 -YOF), interstitial atoms aggregate into an interstitial disc lying on a 
crystallographic orientation, the boundary climbing outwards until the singularity 
extends across the entire cross section of the crystal In anion-delicient structures, 
anion vacancies aggregate into a vacancy disc of an appropriate orientation which 
undergoes a shear displacement until it extends across the crystal In this arrange¬ 
ment, cation coordination is preserved while the anion coordination is increased, 
the cation-cation distance is decreased because of the change from corner-sharing 
to edge-sharing or from edge-sharing to face-sharing of polyhedra Such planar 
singularities eliminate a large number of point defects If deviations from stoichio¬ 
metry are large, the concentration of planar singularities becomes high and the 
singularities occur periodically giving rise to ordered phases with finite compositions 
Across each planar singularity, slices of the parent structure are m pi oper register 
or in an antiphase relation with respect to the cation sublattice, the total composi¬ 
tion of the crystal depending on the number of unit cells of the paient structure 
enclosed between two planar singularities Creation of a crystallographic shear 
plane in ReOa type structures is shown schematically in Fig 9 It is noteworthy 
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that even m very slightly reduced TiOa (TiOx osgs). a number of shear planes are 
found, suggesting that even a very small departure from ideal stoichiometry creates 
shear structures rather than point defects In the composition range n — 9-16 in 
Tin02n-i, there is a swinging of shear planes from (132) to (121) through (253), (374), 
(495) and so on 

In metal oxides derived from Nb^Og, intersecting shear planes occur giving rise 
to block structures. These structures respond m several ways to changes m metal- 
oxygen ratios One shear plane may remain fixed while the other swings, giving 
rise to different cross-sections of the block, the block getting interconnected in 
different ways by means of edge- or face-sharing octahedra or tetrahedral sites. 
Block structures can accommodate a number of distinct compositions, typical ones 
being NbsnOsn-a and Nb3n+i08n-2 Special mention must be made of the continuous 
senes of ordered structures (having apparently irrational shear planes) or the 
so-called infinitely adaptive structures Examples of such structures are WO 3 - 
TagOs solid solutions and Bap(Fe 2 S 4 ) 9 . 

There are several solids with large unit cells formed by recurrent intergrowth 
of two phases of similar structure but different compositions “ A typical class of 
such mtergrowths is that of intergrowth tungsten bronzes *'*’'** An interesting class 
of intergrowth structures is the barium ferrite sy,stem, MpVq, where M BaFCj^Oje 
and Y = Ba2Me2Feia022 with Me = Zn, Co, Ni etc Another example is the 
family of intergrowth oxides of the formula Bi 4 AmtT>-i!B,„;n 03 (™-n) j.® formed*^’ by 
oxides of the type Bi,3An_iBn03n4..3 (Fig 10) None of the ordered 01 disordered 
intergrowth structures shows any evidence of vacancies or other point defects 
Ordered and disordered intergrowth structures have been discussed recently It 
is truly remarkable that intergrowth structures are formed even though the com¬ 
ponent units can themselves exist as stable phases 

Phase Transitions 

A variety of inorganic and organic solids exhibit transformations involving changes 
m crystal structure or electronic structure On the basis of crystal chcini'.trv, the 
nature of structural changes in phase transitions of simple solids can be predicted 
Besides nucleation-growth and order-disorder (both positional and orientational) 
transitions, martensitic transitions have also been observed in many inorganic solids 
Polytypism is found in seveial inorganic solids including pciovskite oxides 
Of particular interest to chemists are phase transitions involving changes m tiie spin 
state of metal ions Several metal oxides and chalcogenides exhibit metal-msuhiior 
transitions induced by temperature, pressure or compositional changes (NiS, VT),, 
Lai_,Sr,Co 03 The transition m LaCoOa at 1200 K is intcicsting, it is 

believed that the ^-electrons in LaCoOj which are localized at lower tempeiatuies 
become itinerant after this phase transition, the entropy change at the transition 
being almost entirely electronic in origin Agj 4 - 5 S and other silver chalcogenides 
become fast ion conductors due to melting of the cation sublatticc at the tiansition 
temperature The transitions are also accompanied by marked changes in electronic 
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Eic. 9 Crystallographic shear in WOi, HREM image (1) and schematic drawing (2) are both shown 



1 u, 10 HRI M image of Bi.,Ti,,( rO^- formed by the recurrent mtergrowth of Bi,Ti,Ou ‘i^nd 
Bi.Ii ( rO,, C omputer-simulated image and structural drawing are also shown ’* 


condueti\it\ the nature as well as the magnitude of electronic conductivity is 
eruciallN controlled by stoichiometry A spcciallv interesting metal-insulatoi 
tiansition IS that induced b> compositional changes (Fig 11), it is noteworthy that 
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the value of conductivity at which the temperature coefficient changes sign corres¬ 
ponds to Mott’s minimum metallic conductivity."® 

Organic solids consisting of globular molecules become orientationally disor¬ 
dered (plastic) before they melt, the entropy of the crystal-plastic transition is consi¬ 
derably higher than that of fusion Several techniques arc employed to studv 

these transitions 

The subject of phase transitions is becoming increasingly an integral part of 
solid state chemistry and the changes in the physical properties of solids (magnetic, 
electrical, dielectric etc.) accompanying the transitions are not only of academic 
interest but also of technological relevance 

A specially noteworthy advance made in the last 3 to 4 years is the computer 
simulation of phase transitions by Monte Carlo and molecular dynamics method'll 
wherein variable-shape, variable-volume simulation cells are employed.*®’"* In 
Fig 12 we show the results of a Monte Carlo simulation of the crystal to plastic state 
transition of CCI 4 

A recently recognized variety of phase transitions involves incommensurate 
structures resulting from two competing periodicities.®"’®" In conducting solids such 
as TaScj, interaction between electrons and ion cores occurs at low temperatures 
rendering the regular array of atoms unstable with respect to certain distortions 
The stable state would be one where the charge density, the spin density or ion 
position exhibits long period modulations The period of such modulations may 
be commensurate or incommensurate with the spacing of the underlying lattice 
Such-electron phonon coupled structural instabilities are known as charge density 
waves Incommensurate structures in insulating solids such as NaNOj occur due 
to the presence of two transformations associated with order parameters of dificrent 
symmetry There has been increasing interest in modulated structures in solids 
Phase transitions of these solids and the so-called misfit structures®" arc undoubtedly 
of interest 

The origin of long-range-order in polytypes and related solids (e g recurrent 
intergrowth structures) is attracting some attention The importance of infinite- 
range interaction and elastic forces has been pointed out®"’^®, an ANNI-type model is 
found to explain the occurrence of a variety of polytypes 

Reactions 

A variety of reactions occur in the solid state, decomposition ol solids and oxidation 
and dehydration of solids are typical reactions which have been investigated in 
detail Intercalation reactions of solids was referred to earlier. Some solid state 
reactions exhibit topotactic or topochemical behaviour, topical examples being 
the oxidation of MnOOH and dehydration of brucite and a-AlOOH Dehsdiation 
of M 0 i_j.W»O 3 HjO to give oxides of ReOa structure is another example (1 ig 11 ) 
Many organic solid state reactions are also known to be topochemical 

Organic solid state reactions, especially those induced photochcmically, are 
indeed interesting These reactions are mainly affected by molecular packing 
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Fig 13 Schematic representation of the topotactic dehydration of the isostructural metal oxy 
hydrates, MOi_a.Wa, 03 H^O. (0 < 1 ) along with electron diffraction patterns. 

Dehydration yields Mo,_a,Wa ,03 of ReO,-type structure This is true even of MoO* H^O 
(x = 0), but the ReOa structure of M 0 O 3 is metable and transforms to the layered M 0 O 3 
structure (unpublished results from the author's laboratory) 


or by the presence of defects The classic example of a reaction brought about by 
the proximity of the reactive centres in a solid is the photodimerization of trans- 
cmnamic acid where the a-form in which the molecules are packed with a head-to- 
tail relation yields the centrosymmetnc truxillic acid dimer whereas the p-form with 
molecules packed in head-to-head relation gives the mirror symmetric truxinic acid; 
the Y-form in which the molecules are not favourably packed is photo-unreactive 
Photodimerization of phenylbutadienes’-"* investigated in this laboratory provides 
the possibility of a photochromic system, visible light dimerizing the butadiene and 
UV light reverting the dimer back to the diene (Fig 14) Several types of solid 
state organic reactions have been described in the recent literature, of particular 
significance being those directed towards asymmetric synthesis It may not be 
long before the solid state route to organic synthesis comes into vogue on a routine 
basis (see articles of Jones and Thomas as well as Desiraju in this volume). 


Structure-Property Relations 

Different classes of solids with wide ranges of properties have been investigated by 
solid state chemists in the last two decades For example, oxides with metallic, 
semiconducting or insulator behaviour, ferro . fern-, antiferro- or para-magnctic 
behaviour and ferro-, antiferro- or para-electnc behaviour have been explored 
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R» methyl , n-propyl , iso-propyl» 
n-butyl» ISO-butyl or sec-butyl 

Pig 14 Photodimerization of phenylbutadienes m solid state. 

Relating structure and properties of solids and making use of such relations! for 
synthesising novel solids possessing desired properties forms an important mode of 
investigation of solid state chemists Simple ion substitution, judiciously carried 
out, often results in remarkable changes in properties. For example, replacement 
of La by Sr in LaCoOg'^® which is ordinarily a paramagnetic insulator results in 
metallic ferromagnets when the Sr concentration is above a critical value {see Fig 11 ) 
Replacement of Si in S 13 N 4 partly by A1 and N by O gives a new class of high- 
temperature ceramic materials called sialon Pressure effects can often be simulat¬ 
ed by appropriate ion substitution, thus, the metal-insulator transition m is 
shifted to lower temperatures on substitution of V by Ti ( " 5 per cent) and the 
effect is similar to that obtained at high pressures Substitution of V by Cr 
(< 1 per cent) produces a negative pressure effect SmS shows a semiconductor- 
metal transition on application of pressure due to promotion of a 4/' electron to the 
conduction band (valence fluctuation) Substitution of Sm by Gd (18 per cent) 
gives the high pressure metallic phase which on cooling explosively transforms to 
the semiconducting phase Design of solid electrolytes (fast ion conductors) for 
possible application in energy devices is also made on the basis of structural consi¬ 
derations. 

Electrical and magnetic properties of low-dimensional solids have attracted 
much attention in recent years,'^’~’® some of the motivation resulting from the desire 
to make high temperature superconductors Important organic conductors being 
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investigated are tetrathiofulvalene (TTF)—tetracyano-quinodimethane (TCNQ) and 
related charge-transfer solids and polyacetylene and related polymeric one-dimen- 
sional organic materials By suitably doping polyacetylene, both n- and p-type 
semiconductors can be prepared. Amongst the inorganic one-dimensional conduc¬ 
tors, K2Pt(CN)4Bro.33HaO (KCP) and related derivatives and Hg-chain compounds 
of the type Hgg.* AsFg are noteworthy Polymeric (SN)* becomes superconducting 
at very low temperatures 

Low dimensional solids have been employed as model magnetic systems, solids 
of K2 NiF 4 structure being typical two-dimensional materials which have been explored 
extensively Structure and properties of oxides of K2N1F4 structure have been 
discussed in detail.^® La2Ni04 has been found to show a metal-insulator transition 
in the ab plane with some evidence for antiferromagnetic ordering in this plane. 
Low-dimensional solids containing both organic and inorganic groupings have been 
synthesized 

There is an entire class of materials called the ferroics (Fig. 15 ) where the orienta¬ 
tion state IS altered from one to another by application of one or more appropriate 
forces.®^ In a ferroelectric like BaTiOg, the orientation state of spontaneous electri- 
-cal polarization can be altered by the application of an electric field while in a 
ferromagnet such as CrOj, the orientation state of spontaneous magnetization in 
domains is switched by the application of a magnetic field. In a ferroelastic such 




Fig 15 Diagram illustrating various types of order parameters involved in proper and improper 

ferroics ^ 
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as Ca AlaSiaOg the direction of spontaneous strain m a domain can be switched by 
the application of mechanical stress. Besides these three primary ferroics, we 
have secondary ferroics where orientations dijffer in derivative quantities like 
dielectric or magnetic susceptibility which characterize the induced effects. Ferrobi- 
electric SrliOj, ferrobimagnetic NiO and ferrobielastic SiOg are examples of 
secondary ferroics. Induced effects can also result from cross coupled effects such 
as stress-induced polarization or magnetization (e g, piezoelectricity and piezo- 
magnetism) A combined effect of any two types of fields (e g , elastoelectric or 
elastomagnetic effects) can also cause induced effects A novel type of ferroics of 
technological value is that formed by composites made from ferroelectric ceramics 
and plastics. 

Research in solid state ionics has become a major thrust area in the last few 
years because of its direct relevance to energy devices. Several materials exhibiting 
high ionic conductivity and little or no electronic conductivity have been prepared,**’^ 
the oldest example being Zr^ gsCao igOi this mixed oxide has found several 
technological applications Some of the important superionic conductors are Agl 
related materials such RbAgJg and p-alumina (NagO 1 lAlaOj) and its analogues, 
p-alumma and similar sodium ion conductors could indeed find major applications 
in the sodium-sulphur battery Other types of superionic conductors where the 
mobile ions are protons, Li+, Na-'- and F- have been discovered and there is the 
expectation that solid state ionics may make an impact through their use in advanced 
battery systems. 

Efforts are underway m many laboratories to explore new systems for ion 
transport, based on structural considerations, several channel frameworks have been 
investigated, one of the interesting structures being Nai+aZrgPa-aiSiaiOia (NASICON) 
Although there has been considerable effort to investigate NASICON related .strut 
tures, it appears that there is some uncertainty as to the exact composition of 
NASICON Itself Lithium ion conduction is also being examined for possible use m 
batteries An interesting lithium ion conductor discovered recently is theZintl alloy, 
LiAl In this connection, the recent discovery of a rechargeable lightweight battery 
involving L1CIO4 and active carbon (open circuit voltage, 3 9 V) is of much interest 
A variety of challenging problems are being widely pursued by solid state chemists 
in the area of batteries and fuel cells We are yet to find good low-cost oxygen 
electrodes for use in metal-air batteries and fuel cells, better electrocatalysts are to 
be found to make this possible No specific guidelines for the choice of electro¬ 
catalysts are available, but high electronic conductivity and oxygen non-stoichio- 
metry seem to be essential Photoelectrochemical production of hydrogen'^"’ poses 
many problems where solid state chemists are making much contribution Photo¬ 
voltaic conversion of solar energy has been a major area of R and D with oonsidei- 
able success and promise 

There are many other classes of important materials with properties of academic 
as well as technological interest Mixed valence systems,*® liquid crystals and a 
variety of organic, ceramic and magnetic materials are some of them For purpose 
of brevity, we shall not discuss these solids here 
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Non Crystalline State 

The amorphous has been recognized as one of great importance by 

physicists, electronic engineers and others but chemists seem to have neglected this 
area at least in the early stages A large variety of materials of vital importance 
are amorphous or quasi-crystalline For example, many of the catalyst preparations 
involve metals supported on amorphous or partially crystalline substrates while 
some of the materials used in photovoltaics are amorphous as are the active 
materials used in reprography and photography High resolution electron micro¬ 
scopy has been U'ed to delineate ultrastructural characteristics of microcrystalline, 
partially crystalline and amorphous silica and such studies are useful in providing 
operational ciiteria for making such distinctions It is not possible however, to 
define a ground state for amorphous materials Obviously, there can be degrees of 
amorphousness of a substance and we are yet to find out ways of quantifying the 
amorphous character of a substance and relate its origin and variations to structure 
and bonding EXAFS and XANES have been used extensively to investigate 
structures of amorphous materials, but these techniques are not entirely fool-proof 
or always successful 

Most substances can be made amorphous by quenching melts or depositing 
vapours Two important characteristics of the amorphous state are freedom from 
order and from compositional restrictions Compositions of amorphous materials are 
continuously variable, because of this property, there is local saturation of valence 
requirements in covalently bonded solids or creation of structural groupings which 
achieve electrical neutrality in ionic systems Amorphous materials exhibit unique 
electronic and other properties, some of which are of potential technological value 
Glasses are amorphous but are distinct from other amorphous materials by virtue 
of the glass transition they exhibit Although glasses aic supposed to be in a 
metastable state, they exist as stable materials for indefinite pciiods For example, 
vitreous carbon is employed in high temperature applications, crystallization of 
vitreous B^Og is possible only under severe conditions 

In the last decade, there has been considerable activity in the area of amorphous 
solids in order to explore the physical laws that govern the behaviour ol non-crystal¬ 
line solids as well as to prepare new amorphous materials with controlled properties 
A vaiiety of amorphous solids including metallic glasses have been prepared The 
quenching rates attainable today in melt-quenching techniques aie of the order of 
10 ®- 10 ’ deg scc“' We have available today, glasses with transparency in any 
region of the electromagnetic spectrum, glasses whicli are semiconducting or ferro¬ 
electric, glasses with controlled magnetic properties and so on A great advantage 
of amoiphous (and glassy) materials is the ease of fabrication 

The unique phenomenon of the glass transition®® exhibited by glasses is a 
transition from one metastable, non-crystallinc, rigid state to anothei metastable, 
non-crystallinc, but non-ngid state chai actenzed by features of pseudo second-order 
transitions However, there is no totally satisfactory model or theory for this 
phenomenon Some workers attach significance to a thermodynamic transition 
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temperature, To, where dynamic rates vanish, but this approach does not explain 
all the known properties of glasses Results from computer simulation studies 
reveal the formation of clusters m supercooled liquids prior to glass transition. 
The glass transition could then be a congelation of these clusters. Clusters of 
500 - 100 A diameter present m the non-crystallme mtercluster tissue material of lower 
density, melt at the glass transition and add on to the volume of the tissue material 
The recent Monte Carlo study of the glass transition in isopentane®* has revealed 
the importance of geometric factors; the study depicts differences m packing and 
structure between the liquid and the glassy states 

A remarkable feature of amorphous solids governed by the chemistry of these 
materials is the occurrence of novel chemical transformations and structural rearrange¬ 
ments on an atomic scale. Thus, a continuous variation of the concentration of 
tetrahedral and planar ( 3 *coordinated) borons is achieved in borate glasses by 
modifier oxides. Both over- and under-coordinated, charged chalcogen (or pnicogen) 
defect centres present m chalcogenide (and pnictide) glasses play a crucial role in 
transport and related properties. These charged pairs result from a favourable 
reaction of bonds which initially suffer homopolar scission. Oxygen coordination 
of germamum varies as a function of the modifier oxide in germania glass, varying 
from four to six and to four again m modifier oxide rich regions. 

The nature of bonding m amorphous materials provides new challenges As 
mentioned earlier, an important characteristic of the amorphous state is the presence 
of both compositional and density fluctuations, these fluctuations are accompanied 
by fluctuations in the nature of bonding Most of the common multi-component 
oxide glasses consists of both charged lonically bonded oxygens and two-coordinated 
covalently bonded oxygens, their relative propertions being continuously variable, 
Chalcogenide glasses (e g. As2Se3—AsgTej) are cases where both ionic and covalent 
bonds are present between similar sets of atoms 

A significant development m glasses is the observation of fast ion conduction 
A variety of fast ion conducting glasses based on Ag'" and Lii* ions have been 
characterized Besides the ease of febncation, glassy fast ion conductors offer 
advantages of property mampulalion thiough composition control The field of 
optical communication is based on the development of glass fibres with controlled 
optical properties. A unique property of the glassy state is that the refractive index 
is determined by the chemistry of the glassy state, halide glasses offer tremendous 
possibilities in this direction Unusual photostructural effects have been found in 
amorphous WSeg and other systems and it is of much interest to find out the cause 
of such effects and also their possible applications 

Recent studies®® have shown that one can generate orientalionally disordered 
glasses by quenching plastic crystals, these glasses also show a glass transition 
Dipoles doped in ionic crystals (so called dipolar glasses) are also found to show a 
glass transition These systems are indeed most interesting and show how the 
glass transition is not a property of positionally disordered glasses alone. 

Recently, quasicrystalline alloys (e g, Al -14 percent Mn) prepared by rapid 
solidification of melts have been found to exhibit three-dimensional icosahedral 



DEVELOPMENTS IN SOLID STATE CHEMISTRY—OVERVIEW 


21 


point symmetry®^’*^ or Penrose patterns This was considered to be a revolution 
in crystallography, but Pauling’s idea^® based on chemical considerations suggest 
twinning of cubic crystals may b e on important factor, but features such as the 
electron differation patterns are yet to be explained 

Catalysts 

Modem chemical industry depends heavily on the development of appropriate 
catalysts. The performance of catalysts depends both on their solid stale (bulk) and 
surface properties Molybdate catalysts for olefin oxidation and ammoxidation 
reactions and shape-selective zeolites for various purposes (especially m petroleum 
industry, e g. ZSM-5 for methanol to gasoline conversion) are typical examples of 
the new generation of catalysts. Design of shape-selective catalysts wherein the 
pore aperture and diffusion path lengths are finely engineered is an important aspect 
of catalyst development Better catalysts are required for many reactions such as 
ammonia synthesis, hydrocarbon oxidation, methanol synthesis and for (Zeigler- 
Natta type) stereospecific reactions It may be possible to use oxide catalysts such 
as defect perovskite oxides, supported V 2 O 5 or molybdates for hydrocarbon oxida¬ 
tion, just as defective Cu/ZnO may be useful for methanol synthesis Search for 
newer and better catalysts will undoubtedly continue With the availability of new 
and improved techniques for the characterisation of the bulk and surface properties 
of solids, it IS expected that the art of catalysis may soon become a science. Cata¬ 
lysts are accordingly included under solid state chemistry and materials science in 
recent years For example, the surface species on Co-Mo hydrodesulphunzation 
catalysts is recently found to be of the type CoMogn (2« + 3) S| — {In — 2) S®~, 
involving disulphide 10 ns, this has been possible because of the use of X-ray photo¬ 
electron spectroscopy and X-ray absorption spectroscopy Besides photoelectron 
spectroscopy and related surface techniques, techniques such as NMR spectro¬ 
scopyEXAFS*^ (sec Fig 6 ) and other techniques have proved to be a boon 
to the study of catalysts, FTIR spectroscopy seems to be ideally suited for study of 
molecular species on catalyst surfaces, especially when it is used in the reflection- 
absorption mode along with photoacoustic detection 

Metal cluster compounds containing metal aggregates surrounded by ligands 
provide model systems which simulate surface species produced by the interaction 
of molecules with metal surfaces Metal clusters may be considered to fall 

in the range of aggregation between single, mononuclear complexes and macroscopic 
crystallites, the latter including supported metal catalysts (e g Pt/AljO^) which 
generally consist of aggregates of metal atoms (crystallites) bonded to an inert 
support The support also contributes to catalytic effects m ceitain systems (eg 
Pt/TiO,) 

Metal cluster compounds area combined outcome of efforts m organomctalhc 
chemistry, surface science, heterogeneous catalysis and allied fields The develop¬ 
ment of selective catalysts for the Q chemical industry employing carbon monoxide 
(or possibly CO^) as the raw material has resulted in major efforts m metal clu-.ter 
research The interest of solid state chemists and surface chemists in this area 
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arises from the close correspondence between metal cluster compounds and the 
metal crystallites on surfaces of supported metal catalysts as well as the surface 
species formed by molecules on catalyst (or metal) surfaces. 
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ADVANCED PHYSICAL METHODS FOR THE 
CHARACTERISATION OF POWDERS 


A K Cheetham 

University of Oxford, Chemical Crystallography Laboratory, 
9 Parks Road, Oxford, U K. 


A wide range of physical methods is now available for the study of powder 
matenals Recent advances in some of these methods, including analytical 
electron microscopy, magic angle spuming NMR, and powder diffraction 
with X-ray and neutrons, are described, and the scope and limitations of the 
techniques are discussed 

Key Words : Physical Methods; Electron Microscope; Magic Angle Spinning 
NMR; Powder Diffraction with X-rays and Neutrons 


1 Introduction 

The need for new materials for a wide range of applications, including catalysis, 
energy storage, and solar conversion, is widely recognised,^ but it is probably true 
that our ability to prepare such matenals now exceeds our ability to characterise 
them. Most new materials that reach the stage of commercial application will be 
used m the form of powders, but in many cases the initial characterisation has been 
carried out by using single crystals Typically, this vital step involves a definitive 
structure determination by X-ray diffraction For materials that can only be made 
m powder form, however, the route to complete characterisation is more precarious 
Traditionally, X-ray powder diffraction will be used to identify a new phase, but if 
the pattern is complex, it may be difficult to index it and determine the crystal 
system and lattice parameters Under these circumstances, very careful work is 
required even to confirm that the material is a single phase, and it is not unusual 
for the composition, determined by bulk chemical analysis, tobeincoirectly assigned 
Even if the X-ray pattern can be indexed, problems can still arise To take a recent 
example, the composition of the sodium conductor NASICON, which was first 
reported in 1976,^ has been the subject of a great deal of discussion ^ In instances 
where the powder pattern cannot be indexed, the likelihood of obtaining a full 
structure is remote, and in many cases this will preclude further development of the 
material For example, the potential of a new zeolitic material for shape-selective 
catalysis is determined almost entirely by its structure, and it is clearly a great 
disadvantage if this is unknown In order to take full advantage of the many excit¬ 
ing developments in synthetic chemistry, it is therefore essential that proper attention 
should be paid to the improvement of physical methods 
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The purpose of this paper is to describe some of the advanced methods that are 
now available for the characterisation of powders In the last decade, substantial 
progress has taken place in many areas. Analytical electron microscopy offers the 
possibility of determining the compositions of the constituent phases in even the 
most complex mixture ^ High resolution powder diffraction methods, especially 
using neutrons, are now able to solve structures ah initio^, and magic-angle spin¬ 
ning techniques have brought the power of nuclear magnetic resonance to the solid 
state ® These, and other methods that can be applied to the study of powders, are 
discussed m the following sections 

2 Analytical Electron Microscopy 


2.1 Introduction 

The first step m the characterisation of a powder sample is the determination of 
the composition of the phase or phases that are present, and it is here that the analy¬ 
tical electron microscope can play a unique role A modern transmission electron 
microscope is a very versatile instrument, offering a wide range of modes in addition 
to diffraction and imaging These can best be understood by examining some of 
the many ways m which the electron beam can interact with the specimen (Fig. 1), 
The modes that are of particular relevance to the study of powders are reviewed in 
the following sections 

Transmission Electron Microscopy (TEM, diffraction) Electrons are normally 
generated by thermionic emission from a cathode filament, often tungsten, and 
monochromated by acceleration through a potential, E. For an accelerating voltage 


Electron Beam 



Fig 1 Some of the important interactions between an electron beam and a specimen 
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of lOOkeV, the wavelength is 0 037A Electrons may be elastically scattered by the 
atomic potentials of the atoms in the specimen, leading to the formation of a diffrac¬ 
tion pattern for a selected area of crystalline material. This can provide useful 
information concerning the lattice parameters and crystal system of the material. 
The diffraction pattern may, in turn, be transformed by a magnetic lens into an 
image of the specimen, a step that requires human intervention and a great deal of 
computing with X-rays The use of high resolution electron microscopy to obtain 
images with atomic resolution will be discussed in a later section. 

Scanning Electron Microscopy (SEM, STEM) : The low energy electrons (less 
than 50eV) that are emitted from the surface of the specimen during electron irradia¬ 
tion form the basis for a different type of imaging The beam may be concentrated 
to a small probe (say 20A diameter) that can be deflected across the specimen in a 
faster fashion using scanning coils The secondary electrons can be detected above 
the specimen, and an image showing the intensity of secondary electrons emitted 
from different parts of the specimen surface can be displayed on a CRT This 
SEM mode is particularly useful for examining the morphology of a crystal 
surface. 

A related technique involves the collection of electrons that are transmitted 
through the specimen duiing scanning These can be used to produce a scanning 
transmission (STEM) image, with the advantage, compared with TEM, that radiation 
damage is reduced because the beam is not stationary 

X-ray Emission Spectroscopy : One of the most important interactions between 
the election beam and the specimen is the stimulation of characteristic X-ray emis¬ 
sions from the elements present These can be detected and sorted into different 
energies by using a crystal monochromator or an energy dispersive detector X-ray 
detection has been used for many years on scanning microscopes (the microprobe), 
but only recently has it found widespiead use on transmission instruments The 
resulting spectra {see Fig 2) are extremely valuable for chemical analysis of 
powders. 

The intensities of the spectral lines can be related quantitatively to the composi¬ 
tion of the sample For thick specimens (the usual microprobe situation) 


C{x) k Z A F I{x), (1) 

where C(;c) is the concentration of element x, A: is a constant, Z is an atomic number 
correction, A is an absorption correction, F is a fluorescence correction, and I{x) is 
the intensity of a characteristic X-ray emission of x 

For thin specimens (the typical TEM situation) 


Qx) _ I{x) 

C{y) - W) 


( 2 ) 


The method requires a standard compound in order to determine the value of kxv, 
but once this has been established for a particular pair of elements (on a given 



Fig 2 


X-ray emission spectra obtained from thin crystals of 
100 KeV on a Jeol lOOCX TEMSCAN instrument/ 
ting gnd 


BisReOg, BiRe 04 , and BiRcjOg at 
The Cu lines arise from the suppor- 


lastrument), the same value can normally be used for any other compound contain¬ 
ing those elements. 
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Electron Energy Loss Spectroscopy (EELS) : Energy loss spectroscopy looks 
at inelastically scattered electrons that have lost energy in the sample due to a range 
of processes, including plasmon excitations and the ionisation of core electrons; the 
latter is the preliminary step in X-ray emission. A typical spectrum is shown m 
Fig. 3. The sharp peaks on the L-edge of vanadium stem from electric dipole 
transitions between the 2p and 3d levels. It has been shown that the ratio of the 
intensities of these peaks is a function of the number of d electrons, and therefore 
the oxidation state ^ The position of the edge is also affected by the oxidation 
state. 




Fio 3 Electron energy loss spectra of a vanadium oxide, obtained at 200KeV on a Jeol 2000FX 
TEMSCAN instrument— 

(a) Full spectrum, 0-11 OOeV range 

(b) Detail at the vanadium L-edge, showing the L 2,3 fine structure (Cheetham and Starr, 
unpublished) 
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The EELS method is the most sensitive in the O-lOOOeV range, a range that 
includes the K-edges of the elements H-F, and is therefore useful for analysing light 
elements that are not always detected in X-ray emission spectroscopy Elemental 
maps may also be obtained in the form of energy filtered images. 

2 2 Applications 

The applications of analytical microscopy in solid state chemistry have been 
reviewed by Cheetham and Skarnulis * The major advantage is that chemical 
compositions can be determined with very high spatial resolution by utilising the 
magnifying power of the instrument This permits the compositions of the phases 
that make up a complex mixture to be examined individually, thus facilitating phase 
identification An important area of use is in synthesis, where the traditional 
approach of powder X-ray diffraction, though invaluable in many instances, can be 
rather umnformative if the patterns of the product phases are entirely new. The 
electron microscope enables us to probe the compositions of the phases, directly. 
For example, in a study of the system Bi-Re-O, Rae-Smith and Cheetham^ were 
able to identify three new compounds m the product of a single reaction between 
B 13 O 3 and ReOs BiaReOg, BiRe^Oe, and BiRe 04 The X-ray emission spectra are 
shown in Fig. 2 Note that in this case, the Bi Re atomic ratio of each phase 
can be deduced by simple inspection of the Bi(M)'Re(M) intensity ratio The 
methodology is to identify the compositions of the compounds present in the mixture 
and then to prepare each one in a pure form for further characterisation. Another 
area of use is in the elucidation of phase diagrams, where the tie-lines can be 
constructed from the compositions of the phases that are in equilibrium A simple 
illustration is the use of AEM to establish the mutual solubilities of FeS 2 and MnSa 
in the solid state ® 

A close inspection of Fig 2 reveals that the X-ray emission spectra do not yield 
the compositions of the new oxides without ambiguity, since the oxygen K line 
cannot be observed due to absorption by the detector window It is typically the 
case that the emissions from elements lighter than sodium (1 e < IKev) will be 
unobserved In the Bi-Re oxides, therefore, only the Bi Re ratios could be 
determined, and other information was required in order to complete the analysis 
BiRe 04 and BigRegOa, for example, give indistinguishable X-ray spectra 
Recently, a new type of thin window X-ray detector, which extends the elemental 
range down to carbon, has become available, and the early indications are that 
quantitative oxygen analysis should be possible with such devices Fig 4 
shows a typical spectrum obtained with a thin window detector, and Fig 5 
confirms that metal oxygen latios can be obtained by using the thin crystal approxi¬ 
mation 

An alternative approach to light element analysis involves electron energy loss 
spectroscopy Loss peaks from the first row elements, Li-Ne, fall in the most sensitive 
part of the EELS specti urn, between 0 and lOOOeV, and quantitative metal oxygen 
ratios have been obtained by measuring the areas under the appropriate edges 
More directly, it may be feasible to assign the oxidation state of, say, a transition 
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metal by a careful study of its EELS peak This has been attempted m two ways 
First, the edge itself may exhibit a shift that depends upon oxidation state. For 
example, Rao et al have shown that the L-edge of manganese, which corresponds 
to the ionisation of a 2 s election, varies smoothly in a senes of binary and ternary 
oxides Second, the sensitivity of the X 3 /Z /2 intensity ratio to the number of 
^/-electrons, which was described above, can, in principle, be used to determine 
oxidation states. 

The power and versatility of AEM has already been demonstrated, but a great 
deal of potential still remains to be tapped The EELS technique is only just 
beginning to make its mark on chemistry, and future developments in instrumenta¬ 
tion and data processing are likely to enhance its capabilities in several ways 
Particular attention will focus on the information content of the neai-edge fine 
structure and the extended energy loss fine structure (EXELFS), which corresponds 
to the familiar EXAFS found in X-ray absorption spectra. Progress can also be 
expected in electron microscope design, leading to the availability of instruments 
on which both high resolution imaging and microanalysis can be performed simul¬ 
taneously At present, it is usually necessary to perform these functions on different 
instruments 


3 Magic Angle Spinning NMR 


3.1 Introduction 

Once the composition of a new material has been established, a wide range of 
physical methods is available for further characterisation Diffraction methods, of 
course, play a vital role, but spectioscopic and reasonance techniques, including 
infrared, Raman, and UV-visible spectroscopies, and NMR, ESR, and Mossbauer 
measurements, can also provide valuable information All of these methods are well 
established, but only recently has it become routinely possible to obtain high resolu¬ 
tion NMR spectra from powders, by using the technique of magic angle spinning 
which was first proposed by Andrew and co-workers 

NMR spectra of solids, in contrast to those of liquids, typically show broad 
absorptions in which the characteristic features of a solution spectrum—the chemical 
shift and spin-spin coupling information—are obscured The purpose of the high 
resolution experiment is to remove these broadening effects whilst retaining the 
chemical information contained in the spectrum Line broadening can arise from 
a range of anisotropic interactions Dipole-dipole interactions, between nuclei of 
the same element or between different spin types, are a common source of broaden¬ 
ing, especially in hydrogen-containing materials. The effect is distance dependent 
( 1 /r®) and can therefore be drastically reduced by dilution, for example, homonuclear 
dipolar broadening is not a problem with spectra Heteronuclear interactions 
involving hydrogen are normally removed by broad band decoupling A second 
important effect arises from the unsymmetncal nature of the chemical shift the 
chemical shift anisotropy In a single crystal experiment, the chemical shift of the 
resonance depends upon the orientation of the crystal, and thus the magnetic 
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Fig 6 The }^MR spectrum of KAlPgOy as a function of spinning speed at the magic 
angle 

moments of the nuclei, with respect to the direction of the applied magnetic field 
With a powder, however, a wide range of crystallite orientations is present and a 
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broad envelope of resonances is observed This is an important contribution to the 
broadening in most solid state spectra. Third, the presence of quadrupolar nuclei 
(/ > 1/2) will also contribute to the line width Most of the work to date has been 
performed on spin 1/2 nuclei, but quadrupolar nuclei with non-integial spins can 
also be studied by high resolution methods, because the 1 / 2 -^- — 1/2 tiansition is 
unaffected by quadrupolar interactions, to a good approximation Such measure¬ 
ments are best performed at high fields 

A statical? spectrum of KAIP 2 O 7 IS shown m Fig 6 (A) From such a spec¬ 
trum, It is possible to extract the principal elements of the chemical shift tensor, 
ou, <T 22 , although this will be difficult if more than one type ,of phosphorus is 
present The anisotropic spectrum may be averaged to the isotropic value by the 
technique of magic angle spinning (MAS), in which the sample is spun rapidly 
around and axis inclined at the so-called magic angle, 0 — 55° 44', with respect to 
the magnetic field The spinning speed must be comparable with the frequency 
spread of the shift anisotropy. The effect of increasing the spinning rate on the 
spectrum of KAIF 2 O 7 is shown in Fig 6 At 3120Hz, two independent phos¬ 
phorus atoms, with isotropic resonances cr,so — 1 /3 (ctji H- + <^ 3 a) at — 23 7 
and — 29 Ippm (from 80 per cent H 3 PO 4 ) are observed These are flanked by 
“spinning side bands”, which are separated by the spinning speed and arise because 
the spinning frequency is not quite sufficient to remove all the anisotropy It is a 
straightforwaid matter to determine the principal elements of the shielding tensor 
from such a spectrum, even if more than one site is present 

Finally, we note that the technique of cross-polarisation (CP) can be used to 
increase the sensitivity of the MASNMR method to dilute nuclei The basic 
principle is that the magnetisation of the dilute nucleus is enhanced by coupling it to 
the magnetisation of an abundant nucleus, usually hydrogen In the first application 
of this method by Schaefer and Stejskal,*° the spectra of a series of natural 
polymers were greatly improved by the use of a combined CP-MAS technique. The 
resolution is unaffected by cross polarisation. 

3 2 Applications 

There are several ways in which MASNMR methods can contribute towards 
the characterisation of a polycrystalline material If the structure is unknown, then 
the spectrum may reveal the number of crystallographically distinct atoms of the 
resonating nucleus In the zeolite ZSM-5, for example, the ^®Si spectrum, reveals 
at least nine resonances, consistent with the space group Pnma A recent study 
of a-CaZna(P 04)2 provides another interesting illustration The ®'P MASNMR 
spectrum (Fig 7) shows two lesonances, with isotropic shifts at 2 2 and 10 Oppm, 
and since the unit cell is tnclinic, the structure must belong to the centrosj mmetnc 

space group pT rather than the non-centric PI 

If the structure is known, the MASNMR method may provide a unique probe 
of any local ordering that may be present Again, a great deal of work has been 
done on zeolites, where the ^sgi spectra are sensitive to the numbers of aluminiums 
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Fig 7 The MASNMR spectrum of a-CaZua (POi)^, showing two crystallographically distinct 
phosphorus sites, each with spinning sidebands 

in the next nearest neighbour sites This has lead, for example, to the proposal 
of several schemes for the ordering of silicon and aluminium in the aluminosilicate 
framework of zeolite-Y ^ In a rather different example, it has been shown that 
the spectra of Zn 3 _»Mg,(P 04 )a solid solutions are extraordinarily sensitive to the 
distribution of zinc and magnesium over the two available cation sites in the struc¬ 
ture, one of which is octahedral and the other five coordinated In other circums¬ 
tances, a full refinement of the crystal structure would be needed to obtain this 
information 

In order to take full advantage of MASNMR data, it is necessary to be able 
to assign the observed peaks to particular atoms in the crystal structure, but it has 
proved difficult to do this because of the wide range of factors that influence the 
chemical shift However, several empirical attempts have been made to relate 
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isotropic chemical shifts to structural features For example, shifts in minerals 
have been correlated with T-O-T angles,^® Si-Si non-bonding distances^’ and 
with oxygen bond strengths,^* calculated by the method of Brown and Shannon,^* 
The correlation between chemical shifts and the bond strengths at the surround¬ 
ing oxygen atoms is shown in Fig 8.^® Such correlations provide a useful aid to 
peak assignment, but further progress will depend upon a more rigorous analysis of 
the problem and greater use of anisotropic shift data 

But the most important area of current development, which will have a major 
impact on solid state chemistry, is the application of MASNMR methods to a wider 
range of nuclei The list is already long, and includes ^®F, ®®Na, ^^®Cd, 

and ^®®Pt, but many other nuclei have yet to be explored m detail and rapid growth 
can be expected in this area. 

4. Powder Diffraction Methods 


4.1 Introduction 

X-ray powder diffraction methods play a central role in the study of polycrys- 
talline materials Data collection on a modern powder diffractometer is rapid and 
can yield precise J-spacing and intensity information The applications of this 
technique are several, including 



Fig 8 Plot of correlation between isotropic chemical shift data and bond strengths at oxygen, 
for a senes of metal phosphates 
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(1) Qualitative analysis, in which the ^/-spacing data of a material are compared 
with values found in a comprehensive database such as the Powder Diffraction File; 
this can also be used in the identification of mixtures, especially with the assistance 
of suitable “search and match’’ software. 

(2) Quantitative analysis of mixtures, in which the relative intensities of 
selected reflections of the constituent phases are compared with those in standard 
mixtures. 

(3) Phase equilibria studies, in which the powder pattern is monitored as a 
function of composition or temperature 

The importance of this type of work is reflected m its widespread use, but it is 
essentially limited to the characterisation of known phases. New materials are, 
of course, routinely fingerprinted by powder X-ray diffraction, but here we examine 
the extent to which powder methods can yield more sophisticated information, 
including the ciystal structure, itself. We shall consider the use of both X-rays and 
neutrons 

The determination of the structure, whether by single crystal or powder methods, 
can best be understood in terms of a series of discreet steps: 

(1) indexing of the diffraction pattern and the determination of the crystal 
system (eg. cubic, orthorhombic, etc.) and lattice parameters, 

(2) identification of the space group; 

(3) solution of the phase problem and determination of the approximate 
structure, and 

(4) refinement of the structure 

With single crystal X-ray data collected on an automatic diffractometer, this 
sequence of steps is normally routine The unit cell can be identified from an 
automatic peak search, the space group determined from systematic absences, and 
the phase problem solved by Patterson or direct methods The structure can then 
be refined by using a combination of least-squares and difference Fourier techniques. 
With powders, however, there are serious difficulties, most of which arise because 
of peak overlap which results when the three-dimensional intensity data is compres¬ 
sed into a single dimension in the powder experiment Indexing of the reflections 
and unit cell determination are non-tnvial, even with the aid of a good auto-index- 
ing computer programme These require very precise iZ-spacing data, and the use 
of an internal standard is recommended. Selected area electron diffraction is also 
of value in obtaining single crystal diffraction patterns from powder samples Even 
if the cell can be found successfully, the subsequent steps may still be insurmoun¬ 
table In particular, the solution of the phase problem is likely to be difficult, 
largely because the overlapping of adjacent reflections, which is especially marked 
with powder data of low symmetry systems, introduces ambiguity into the assign¬ 
ment of intensities to particular hkl values. This information is essential for both 
Patterson and direct methods calculations For this reason ab initio structure 
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determination using powders has remained an empirical rather than an exact science. 
Some of the approaches that have been used are described in section 4.4. First, 
however, we shall examine the progress that has been made in the refinement of 
structures from powder data. 

4 2 Rietveld Profile Analysis 

The most striking advance in powder techniques during the last twenty years 
has been the advent of structure refinement by the method of Rietveld profile 
analysis.®® This was initially developed for the analysis of neutron data, but, as we 
shall see, has also been applied to X-ray data. We have already noted that it 
may not be possible to determine an extensive set of integrated intensities, / (hkl)^ 
from a powder profile, but Rietveld shoved that it is nevertheless feasible to 
refine the structure by a careful fitting of the complete profile. The lattice para¬ 
meters define the 26 value of each reflection, and an approximate model for the 
structure is required in order to estimate the intensities of the reflections. By 
assuming that the reflections are Gaussian in shape, Rietveld showed that the 
whole profile could be calculated and the structure then refined by a curve-fitting 
least-squares procedure This important breakthrough extended the scope of powder 
techniques, at a stroke, from simple cubic and hexagonal systems to low symmetry 
materials. As an example, a refinement of the structure of Bag ReOg, in space group 
P2/m, IS shown in Fig 9.®^- 

The facility with which the Rietveld method can be applied to constant wave¬ 
length neutron powder data stems largely from the simplicity of the peak shape, 
which is usually well described by a Gaussian function, but the method has been 



Flo 9 Observed (dots) and calculated (full line) powder neutron diffraction profiles of 
BajReOs.” Reflection positions and a difference curve are also shown. 
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extended more recently to X-ray powder data*® and time-of-flight neutron diffraction 
data (see below). It remains, however, a method by which structures are refined, and 
does not, in itself, provide a means of obtaining the necessary starting model. This 
limitation is considered in sections 4 4 and 4 5. 

4.3 Time-of-Flight Neutron Diffraction 

A conventional powder experiment employs a fixed-wavelength incident beam 
and a counter which measures the scattered intensity by sweeping through a range of 
scattering angles, 26 In the time-of-flight (TOP) method, the neutron beam is 
white and pulsed (say, 50 pulses per second) The diffraction pattern is collected 
by measuring the time of arrival of neutrons with different wavelengths (and, there¬ 
fore, velocities) at a fixed angle counter, or time-focused counter bank (Fig 10) 
This IS feasible with thermal neutrons, which have velocities of approximately 10® cm 
sec-^ In terms of the Bragg equation, \ — 2d Sin 6, 6 is fixed and A is varied. A 
typical TOP pattern is shown in Fig 11 As in the constant wavelength technique, 
Rietveld profile analysis can be performed Pulsed neutron sources for condensed 
matter research are available in Japan, the USA, and Great Britain. 

4.4 Structure Determination with Powder Data . Empirical Methods 

The determination of structures from powder data, with or without profile 
analysis, has focused on obtaining starting models by one of three methods 

(1) identification of an apparently isostructural material of known structure, 

(2) use of difference Fourier methods to investigate derivatives of known 
structures, and 

(3) trial and error methods 

Method (1) is widely used, normally by means of searching the data bases for a 
compound with similar stoichiometry and lattice parameters to the unkown. Struc¬ 
tures that have been determined in this w'ay range from systems where the analogy is 
obvious (e g Cr^ (MoOJg and Fe^ (Mo 04 ) 3 ®'* to those for which a certain amount 
of detective work is necessary the profile refirement of Ba^ReOs which adopts the 
same structure as Cs 2 DyClj, falls into the latter category (Fig 9) 
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Fig 10 The high resolution powder diffractometer (HRPD) at the pulsed neutron source, ISIS, 
Rutherford-Appleton Laboratory, U K The source to sample distance is 96m The back- 
scattering detector bank covers the 20 range 170-178*^ Data from the different elements 
are time-focused m software 
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Fig 11 The TOF powder neutron diffraction pattern of |FePOi, collected on GPPD at the Intense Pulsed Neutron Source, Argonne 
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Method (2) has also been extensively exploited, but it suffers from the usual 
problem with powders there is a dearth of discreet integrated intensity information. 
However, when most of the atom positions have been located and refined, the Riet- 
veld procedure provides a list of approximate observed I (hktfs which can be used 
with the calculated I (hkiys in a difference Fourier calculation. This approach should 
be used with caution, but it has been applied successfully to some interesting problems 
such as the location of adsorbed molecules in zeolite cages®® and the positions of 
protons in complex oxides This strategy is enormously valuable in solid state 
chemistry, but, like method (1), it is obviously unsuitable for the characterisation of 
entirely new structure types 

For entirely new structures, workers have been forced to rely on trial and 
error approaches This has usually involved the use of both X-ray and neutron 
data, the former being used to determine heavy atom positions from radial distribu¬ 
tion functions The work of Taylor on uranium tetrabromide provides a good 
example, uranium was located with X-rays and the lighter halogen atoms were 
positioned by trial and error using neutron data In another instance, the 
same methodology was used to solve the non-centrosymmetric superstructure of 
BijReOg®® This approach to structure solving, whilst sometimes unavoidable, 
IS extremely time consuming and frequently unrewarding In the following section, 
we shall describe some of the very latest developments that promise to take powder 
methods into a new and exciting pha^fe in which trial-and-error procedures will 
become redundant 

4 5 Ab Initw Stucture Determination with Powder Data 

We have already noted that the main loss of information in a powder experi¬ 
ment arises from the overlapping of adjacent Bragg reflections which leads to 
ambiguities in their intensities This information is essential if the classical 
methods of structure solving, used routinely in single crsytal work, are to be employ- 
eg The new generation of powder diffractometers, at both neutron facilities and 
synchrotron sources, have such high resolution that this limitation should be 
largely overcome The improvement in resolution leads to a dramatic leduction m 
the incidence of peak overlap Indeed, the instrumental resolution is now so good 
(ed Ad/d = 0 04 per cent on the high resolution powder diffractometei (HRPD) at 
the Rutherford Laboratory, U K.), that most samples show line broadening due to 
particle size and strain effects 

This promise has yet to be fulfilled, but the feasibility of solving known struc¬ 
tures from powder data by using direct methods has been demonstrated,®^ and 
one of the first experiments on HRPD illustrates what might be done with unknown 
structures. The material studied was FeAsOi, which was first reported by Shafer 
et al Subsequently, D’Yvoire indexed the X-ray powder pattern according to a 
monoclinic cell, assigned the space group P 2(l)/n, and on the basis of infrared 
evidence and the facile ti ansforraation of the monoclinic modification to one with 
the CUSO4 structure, suggested that the iron atom might be octahedrally coordinat¬ 
ed Data for FeAs04, collected on HRPD at the Spallation Neutron Source 
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Fio 12 The TOF powder neutron diffraction pattern of FeAs 04 , collected on HRPD at ISIS.* 
Note the extraordinary resolution. The epithermal neutrons, which are seen in the pattern 
of FeP 04 (Fig 11) are removed by the neutron guide. 

(ISIS) are shown in Fig 12 ® The correctness of the cell proposed by D’Yvoire 
was first confirmed by auto-indexing of the pattern using the programme FZON,** 
and the lattice parameters were then refined and the space group confirmed by 
examining the systematic absences Integrated intensities, lihkl), were then 
obtamed manually for 139 reflections, including approximately 60 weak reflections. 
It is this stage that is facilitated by high resolution, since peak overlap, which 
normally leads to ambiguities in the intensities of individual Bragg reflections, 
is minimised Structure factor amplitudes were then calculated according to the 
relationship: 

IQikl) = X^m FQiklf, 

where m is the multiplicity of reflection hkl and A is the wavelength at which it 
is measured The F (hkl) values were then used as the input for direct methods 
analysis using the programe MITHRIL Neutron data are normally well suited 
to direct methods analysis because neutron scattering length fall within a narrow 
range of values In the FeAs 04 analysis, both triplets and negative quarters were 
calculated The peak list from the calculation with the highest figure of merit is 
shown in Table I Analysis of the mterpeak distances and angles confirmed that a 
chemically sensible solution had been found, with peaks 1 and 2 corresponding 
to Fe and As, respectively, and peaks 3-6 to oxygen. Note that the peaks appear 
in order of their neutron scattering lengths and that there is a substantial gap bet¬ 
ween peaks 6 and 7, the latter indicates the level of noise in the map The coordi- 
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nates obtained from the direct methods analysis were then refined to yield the 
structure shown in Fig 13. One of the interesting features of the structure of FeAs 04 
which, surprisingly, is isostnictural with L 1 AIH 4 , is the presence of five coordinated 
iron sites which share a common edge 


Table I 


Direct methods solution for FeAsOt 


Peak No 

X 

y 

z 

height 

1 

0 322 

0.051 

0 242 

2691 

2 

0 925 

0.179 

0.257 

1960 

3 

0 369 

0.244 

0 087 

1320 

4 

0 485 

0.127 

0 631 

1199 

5 

0102 

0.046 

0 322 

1193 

6 

0 790 

0.080 

0.087 

1104 

7 

0 062 

0.087 

0.726 

591 

8 

0 885 

0 117 

0.887 

590 
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Recent developments m high resolution X-ray instrumentation suggest that 
similar progress can be expected in this area, and at the time of writing, the 
crystal structure of a-CrP 04 has just been determined from synchrotron powder data 
obtained at the National Light Source, Brookhaven The orthorhombic structure, 
with 8 atoms in the asymmetric unit, was solved by Patterson methods by using a 
vector search procedure 

The success of these very recent works augurs well for future structure determina¬ 
tion with powders. Direct methods will no doubt, be preferred with neutron data, but 
the use of Patterson techniques should not be neglected as a means of locating strong 
scatterers. High resolution X-ray data should be amenable to both approaches. 
Single crystal methods will continue to be the preferred medium for structure deter¬ 
mination, but powder techniques now offer a viable alternative. 

4.6 Applications 

The applications of powder methods to structure determination, mainly using 
the empirical methods desciibed in section 4 4, are varied and increasingly numerous, 
and the use of the Rietveld method has grown from a handful of paper per annum 
in the early 70’s to 150 in 1984 Applications to solid state chemistry were reviewed 
byCheethem and Taylor in 1977‘® and more recently by Hewat,*® who referenced 
approximately 250 studies on oxides, hydrides, halides, alloys, and minerals. The 
bulk of the work has involved neutron diffraction, for which the treatment of the 
peak shape IS more straightforward, but X-ray Rietveld analysis is increasingly 
popular, especially with the availability of more sophisticated computer programmes 
For example, Baerlocher^^ has developed a programme that incorporates slack 
constraints, of the type descnbed by Hendrickson and Konnert, into the least- 
squares refinement This has been used to refine complex zeolite structures such as 
that of ZSM-5 

One measure of the scope of structure determination with powder data is the 
complexity of the problems that can now be tackled The current state of the art 
is that structural models with about 100 parameters can be refined,®*’®® but the 
new generation of ultra-high resolution diffractometers is expected to increase 
this limit to 3-400 A recent study of potassium zeolite-L, containing pyridine, 
illustrates the sophistication of the problems that are now within reach 
The position and orientation of the organic molecule inside the zeolite channel was 
determined at 4K (Fig 14) and the results confirmed by means of molecular 
mechanics calculations, the experimental and calculated positions of the molecule 
agreed within 0 ik 

The future prospects for powder diffraction are extremely exciting The use of 
high resolution methods for the determination of structure has already been described 
(section 4 5), but equally, promising is the utilization of high intensity sources 
for time-resolved experiments. With existing facilities, medium resolution neutron 
or X-ray diffraction patterns can be collected in a matter of minutes, but new sources 
will enable experiments to be performed in seconds, making possible the study of 
solid state reactions and other processes in real time 



CHARACTERISATION OF POWDERS 


45 



Fig 14 The location of pyridine in the main channel of potassium zeolite-L Note that the 
molecule lies close to the wall of the channel, optimising short range mteractions, whilst 
enjoying an acid-base interaction with the potassium, K(4) 


5 Conclusions 

This brief review of some of the methods that are now being used to study powders 
has inevitably been selective Many important techniques, such as Mossbauer 
spectroscopy and EXAFS, have been omitted, but attention has focused on those 
methods that have widespread applicability and where the recent developments 
have been most striking One important omission is high resolution electron 
microscopy (HRTEM) The availability of high eneigy (3-400 KeV) transmission 
instruments with improved objective lenses has brought the resolving power of the 
electron microscope down to the atomic level, thus offering an alternative means of 
structural characterisation for powdeis It should be noted that an HRTEM image 
represents a projection of the structure down the axis of viewing, and is therefore 
ideal for studying new structure with a short crystallographic axis This has been 
demonstrated as a means of characterising new phases,®^ especially when it is com- 
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bined with image simulations, it is best applied to the study of materials of 
known architectural type, such as the niobium oxide block phases For entirely 
new structure types, modelling by trial-and-error methods is necessary In addition, 
It should be noted that HRTEM does not yield atomic coordinates, and therefore 
bond lengths and bond angles, with the precision that is obtainable with X-ray and 
neutron diffraction Nevertheless, m some areas, it is pre-eminent, especially in the 
study of structural defects 

We have noted not only the strengths of the techniques that have been described, 
but also their limitations, thus underlining the weakness of a single pronged attack 
on the characterisation of materials. The complementarity of the methods that are 
now available, however, is self-evident, and the most efficacious approach to a 
problem is likely to be one that harnesses the advantages of several techniques When 
subjected to a multifaceted attack of this type even the most stubborn of problems is 
likely to yield 
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LOW-TEMPERATURE SYNTEIESIS OF NOVEL METAL 
OXIDES BY TOPOCHEMICAL REACTIONS* 

J Gopalakrishnan 

Solid State and Structural Chemistry Unit, Indian Institute of Science, 

Bangalore 560012, India 

Synthesis of a vanety of novel metal oxides has been achieved at low tempera¬ 
tures by topochemical reactions Thus topochemical dehydration of MOi-a-WxOa. 

H 2 O provides a convenient route for the synthesis of Moi.* WaOg m 
ReOj-type structure Dehydration of HMoO^POi HgO to HM 0 O 2 PO 4 
results in a topotactic transformation of the parent chain structure to a 
layered structure in the product Exchange of lithium with protons 
inLiNbWOe andLiTaWOj results in a novel structural transformation from 
the rutile to the ReOg structure of the product phases, HNbWOe and 
HTaWOg Topotactic reduction of LaNiOg and LaCoOs yields new vacancy- 
ordered perovskite-related phases, LaaNiaOj and LaaCOaOs that cannot be 
synthesized otherwise Hydrogen can be inserted topotactically into LaNiOa 
and LaCoOg around ambient temperatures in the presence of Pt-catalyst to 
yield HajLaNiOs and Ha,LaCoOs Insertion of bismuth into WO 3 yielding 
intergrowth tungsten bronzes, Bia-WOs, can also be viewed as a topotactic 
process The investigations reveal that it is possible to design imaginative 
routes for the synthesis of metal oxides at low temperatures making use of 
topochemical reactions 

Key Words : Synthesis of Metal Oxides; Topochemical Reactions; Dehydration; 

Ion-Exchange; Reduction; Insertion/Extraction. 

Introduction 

Synthesis and structural characterization of solids constitute an important activity 
of solid state chemists ^ Conventionally, solid state synthesis is can led out by the 
ceramic method which involves mixing the reactants and heating them at high 
temperatures The limitations of this crude approach are too well known to be 
recounted here.® In recent years, efforts have been made to design imaginative 
routes for solid state synthesis based on novel chemical reactions * A number 
of common chemical reactions involving inorganic solids such as dehydration, 
decomposition, oxidation, and reduction are known to proceed topochemically to 
yield well-defined products that bear definite structural relationships with the 
starting materials Reversible insertion and extraction of atomic and molecular 
species into layered solids via redox and lon-exchange processes is another 
topochemical reaction that is being increasingly investigated Topochemical 
relationship has recently been shown to exist between NiO and Ni when the oxide is 
reduced to the metal ® Such topochemical reactions which occur at relatively mild 
conditions provide ‘soft’ (low-temperature) routes for solid state synthesis 

♦Contribution No 339 from the Solid State and Structural Chemistry Unit 



LOW-TEMPERATURE SYNTHESIS OF NOVEL METAL OXIDES 


49 


Synthesis of solids at low temperatures has several attractive features. Homo¬ 
geneous and pure products with large surface areas can be obtained with relative 
ease Metastable phases that cannot be prepared by high temperature methods can 
be stabilized by low temperature methods. More importantly, in view of the struc¬ 
tural relationships existing between the parent and product solids in topochemical 
reactions, it is possible to engineer the synthesis via topochemical reactions, 
to yield solids possessing the desired structures 

We have made use of topochemical dehydration, lon-exchange, oxidative 
demtercalation, reduction and insertion of atomic species (H, Bi) into oxide hosts 
to synthesize a variety of novel metal oxides. Thus topochemical dehydration of 
Moi^aWiOa HgO and HMoOaP 04 H^O has enabled the synthesis of ReOj-like 
Moi.xWaOg and layered HM 0 O 2 PO 4 Exchange of lithium with protons in 
LiNbWOg and LiTaWOe has resulted in the formation of ReOj-like HNbWOg and 
HTaWOg, the lon-exchange being accompanied by a topotactic structural transfor¬ 
mation from rutile to ReOg structure Oxidative demtercalation of lithium from 
L 1 VO 2 an LigMoOg possessing ordered rocksalt structure has yielded new Lii_a,VOa 
and Li 2 _»MoOj members where the cubic close packed anion array is preserved An 
interesting example of solid state synthesis of metastable phases is that of LaaB^Os 
(B=Co, Ni) from LaBOj perovskites v/a topochemical reduction. Significantly, 
when the same parent oxides are treated with hydrogen in the presence of platinum 
at room temperature, hydrogen-insertion products, HiLaBOg, are obtained instead 
of anion deficient phases Similar hydrogen insertion has also been carried out 
with HNbWOg, HTaWOg and Moi-xWeOg to yield hydrogen bronzes. Another 
interesting example of topochemical insertion is that of Bi into WO 3 yielding inter- 
growth tungsten bronzes (ITBs) wherein WO^ slabs of finite width intergrow coherently 
with strips of HTB structure The results of these investigations presented in this 
paper reveal that it is possible to design imaginative methods for the synthesis of a 
variety of metal oxides based on topochemical reactions 

Experimental 

Moi-xWxOa HgO (0 < x < 1 ) solid solutions were prepared by adding a solution 
of MoOj and WO3 in aqueous ammonia to hot (60 °C) 6 M HNO3 under constant 
stirring ® HM 0 O 2 PO 4 H 2 O was prepared by adding a viscous solution of MoOj 
(lOg) in concentrated H 3 PO 4 (30ml) to 250ml of concentrated nitric acid On 
evaporation, white crystals of HM 0 O 2 PO 4 H 2 O separated out. LiNbWOg and 
LiTaWOg of trirutile structures were prepared by reacting the required quantities of 
L 12 CO 3 , WO 3 , Nb 305 /Taa 05 at 800 °C for 24h LiVO^ was prepared by reacting L 12 CO 4 
and V 2 O 5 in hydrogen atmosphere, first at 500 “C for 4h and then at 700 "C for lOh 
L 12 M 0 O 3 was prepared by hydrogen-reduction of L 12 M 0 O 4 at 650 °C LaCoOg and 
LaNiOg were prepared by methods repoited in the literature BixWOg (x<0 1) were 
prepared by heating Bi metal with WO 3 in sealed evacuated silica tubes at 900 

Dehydration and reduction reactions involving a weight loss were followed 
•thermogravimetrically using a Sartorious Microbalance at heating rates of 2-5® 
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per minute Proton-exchange of lithium in LiNbWO^ and LiTaWOe was carried 
out by refluxing the solids m hot aqueous HgSO* ( 9 - 13 M) Delithiation of LiVOa 
and L12M0O3 was carried out by treating the oxides with Br^ in CHCI3 at room 
temperature Hydrogen insertion into LaNiOs, LaCoOj and Moi-cWieOg was carried 
out at 30-100 °C by passing hydrogen over the oxides dispersed with 0 5 per cent Pt 
by weight. 

The solids were characterized by X-ray dilfraction, electron dilfractron and 1 r. 
absorption spectroscopy. X-ray powder diffraction patterns were recorded with a 
JEOL JDX-8P diffractometer or a Philips diffractometer (PW 1050 / 70 ) using CoKo^ 
or CuK» radiation. Electron diffraction patterns were recorded with a JEOL 200 CX 
electron microscope. 


Results and Discussion 


Topochemical Dehydration 

Dehydration of several inorganic solids is known to proceed topochemically, 
typical examples being the transformation of brucite [Mg(OH)2] to penclase 
(MgO)^® and MoOg 2H2O to anhydrous M0O3 We have investigated 
the topochemical dehydration of Moi-asWaOg HgO and HMoOgPO^ H2O. which 
has enabled the preparation of Moi-eW^jOg and HM0O2PO4, possessing novel 
structures 

M0O3 crystallizes in a layered structure (Fig 1 ) involving corner-and edge-sha¬ 
red MoOg octahedra, while the analogous WO3 adopts a ReOa-like structure 
where the WOg octahedra share all corners. Although both the structures are related,’^ 
It has not been possible to transform MoOg to the WOg structure (or \ice~yersa) 
Nevertheless, it is known that M0O3 can be stabilized in the WO3 structure by 
partially substituting molybdenum by tungsten Unfortunately, the preparation of 
Moi.aWaOa by the ceramic technique is difficult due to the difference in volatilities 
of the parent oxides. The solid solution between the hydrated oxides, Moi-aW^Og 
HgO, could however be readily prepared by a wet method, since M0O3.H2O and 
WO3.H2O are isostructural Moi-nWeOg HgO adopt the same layered structure as 
M0O3 H2O and WO3.H2O with a monoclinic unit cell (a -~7 5 , h^l 0 7 , 
C ''-7 3 A, ^'— 91 °) The hydrate solid solutions undergo dehydration around 230 "C to 
yield Moi_xWa03 which crystallize in the monoclinic WO3 structure (ar^ 7 . 3 , b'^lA, 
c /~3 9 A,p/'-' 91 °) The topotactic transformation of the hydrates to anhydrous solid 
solutions involves a collapse of the layers along the h-direction, the structure remaining 
essentially the same in the uc-plane (Fig 1 ) The crystallographic orientational rela¬ 
tionships between the parent and product oxides as established by electron diffraction 
are (OlO)bydr f (010)oxide) [lOOJhyar || [OOlJoxiae and [OOljhydr 1 [lOOjoxiae Interestingly, 
even the yellow M0O3 H2O undergoes dehydration to yield a metastable ReOa-like 
M0O3 which subsequently transforms to the layered variety ® 

Oxides possessing corner-connected network of octahedra and of tetrahedra 
are of considerable current interest,typical examples being the vanadyl and 
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molybdenyl phosphates. VOPO 42 H 2 O is the prototype of this family of solids 
adopting a layered structure.^* Each VOg octahedron shares its equatorial oxygens 
with phosphorus; the two remaining axial oxygens consist of a vanadyl (V=0) 
oxygen and a water molecule coordinated traits to it The structure is tetrago¬ 
nal (a=6 2l5, c=7 40A). VOPO 42 H 2 O readily loses water topotactically to 
yield anhydrous VOPO 4 wherein the structural features of the parent are essentially 
preserved. 

HM 0 O 2 PO 4 HaO IS an interesting molybdenyl phosphate which adopts a 
chain structure (monoclmic, a—6 73, b — 6 32, c==7 03A, p =110 2°) consisting of 
alternating MoOg and PO 4 polyhedra, each MoOg and PO 4 share three vertices 
forming double chains (Fig. 2) which run parallel to the direction.^® The chains 



OH HO 


OH HO 


■r->0H + HO 


OH HO <- 


V->0H HO 




Fig 2 Schematic representation of the topotactic dehydration of HMoO^POi HijO (left) to 
layered HM 0 O 2 PO 4 (right) 

are held together by hydrogen bonding The position of hydrogen atoms are not 
known in this structure, but it is likely that they are attached to the unshared 
oxygen atoms of MoOg and PO 4 Accordingly, the compound may be formulated 
as Mo(OH) 3 P 04 or MoO(OH) 2 HP 04 . Since the building unit of this structure viz, 
altemati.ig tetrahedra and octahedra, is essentially the same as that m VOP 04 2 HaO, 
we visualized that it may be possible to transform HM 0 O 2 PO 4 HjO to a layered struc¬ 
ture similar to VOPO 4 . 2 H 2 O, by topotactic elimination of water We found that 
HMoOaP 04 HaO readily loses one water molecule around 250 “C yielding a new phase. 
X-ray diffraction pattern of the dehydration product (Table I) is different from that of 
starting material and could be indexed on a tetragonal cell with a=6 27 and c—4.91 A 
The new phase which could be written as MoO(OH)P 04 or Mo 02 (HPO )4 is likely 
to possess a layered structure similar to VOPO 42 H 2 O, having been formed by 
linking up the double chains laterally through elimination of water (Fig. 2), 
During the topochemical transformation, the structure essentially remains the 
same in the /^(-direction {b—6 32A in the parent becomes a—b—6 27A in the 
product). 
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Table I 

X-ray powder diffraction pattern of HMoOJPO^ prepared by topochemical dehydration 

ofHMoO^PO^ H^O 


hkl 

^Ob8(A)(I) 

<1o(A) 

001 

4,91 (60) 

4.91 

110 

4 49 (30) 

4 43 

101 

3.92 (40) 

3 87 

111 

3 31 (10) 

3 29 

200 

3.13 (100) 

3 13 

002 

2 42 (5) 

2 45 

220 

2 21 (5) 

2 22 

112 

2 16(8) 

2 15 

221 

2 01 (5) 

2.02 

310 

1.97(5) 

1 98 

311 

1 81 (5) 

1 84 

320 

1.76 (3) 

1.74 


(a)a=6 27,c*=4 9IA 


Topochemical Ion-Exchange 

Many complex metal oxides containing alkali metals undergo lon-exchange m 
aqueous or molten salt media retaining their structural features An interesting 
example of an lon-exchange reaction which is accompanied by a topotactic 
structural transformation is that of proton-exchange of LiNbOs and LiTaO^.^® The 
exchange results m the formation of cubic HNbOj and HTaOg possessing a ReOg- 
type structure We have investigated the proton-exchange of lithium in LiNbWOg 
and LiTaWOfl in aqueous acid solutions The exchange results in the formation of 
HNbWOg and HTaWOg which adopt cubic ReOg-like structure 

The primary products of proton-exchange of LiNbWOg and LiTaWOg are 
HNbWOg H^sO and HTaWOg H 2 O as revealed by chemical analysis of tungsten 
and thermogravimetnc analysis of water content Both the phases are isomorphous 
adopting a simple cubic structure of ReO^ type The unit cell parameters derived 
from X-ray powder diffraction patterns (Fig 3) are a=3 783 (1)A for the niobium 
compound and a=3 807(2)A for the tantalum compound The hydrated phases 
lose water to give anhydrous HMWOg (M = Nb or Ta) around 400 "C and MWO 5 5 
around 600 °C Both HMWOg and MWO 5 5 also possess cubic ReOg-type struc¬ 
tures (Fig 3) It IS indeed curious that MWO 5 5 adopts the ReOg structure since 
the composition is anion-deficient On annealing the cubic MbWOg 5 at 900 'C for 
12 hours, the phase transforms to a tetragonal structure (Fig 3) with a=24 3 and 
c=3 92 A The tetragonal phase appears to be related to tetragonal tungsten bronzes 
possessing a pentagonal column structure 
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Fig 3 X-ray powder diffraction patterns of (a) LiNbWOa (trirutile), (b) HNbWOe HgO, 
(c) HNbWOe, (d) NbWOs s and (e) NbWOs j after heating at 900 °C for 12 hrs 
Patterns (b)-(d) are cubic ReOa-like and pattern (e) is TTB-like. 


Ion-exchange of LiMWOg to give HMWO* is accompanied by a transforma¬ 
tion from the trirutile to the ReOg structure A plausible mechanism for the 
rutile-ReOg transformation is shown m Fig 4 On lon-exchange, the tetragonal close 
packed anion array of the rutile structure transforms first to the HCP array, sub¬ 
sequently cation rearrangement occurs to give a MWO^ network that is similar 
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(b) 

Fig 4 Plausible topotacUc mechanism for the transformation of tnrutile structure of LxNbWOe 
to ReOa structure of HNbWO« (a) shows transformation of tetragonal close packed 
amon array to hexagonal close packed (HCP) array by rotation of occupied octahedra 
(i) shows rearrangement of NbWOg framework m tnrutile to that of NbOa in 
LiNbOs. (i) LiNbWOs tnrutile; Li-occupied octahedra are shown with a filled drcle (i/) 
NbWO, framework after removal of lithium (nz) NbWO« framework after rearrangement 
to LiNbOa structure. 


to the NbOg network in the LiNbOg structure The network may then trans¬ 
form to the ReOj structure by a mechanism similar to that proposed by Rice 
and JackeP* for the transformation of LiNbOg to HNbOg The latter involves 
rotation of the octahedra by'~60° about the ch which rearranges the hexagonal 
close packed anion array to 3/4 cubic close packed anion array of the ReOg 
structure We believe that this is the first instance of a transformation of a rutile 
structure to ReOg structure, occurring topotactically on lon-exchange at low 
temperatures 

Topochemical Delithiation 

Reversible topotactic insertion/extraction of lithium and sodium mto/from 
layered metal oxides and chalcogenides has been extensively investigated in view 
of the importance of such systems as positive electrode materials in high-energy 
density solid state batteries Insertion/extraction of alkali metal atoms can also 
be achieved chemically through suitable reducmg/oxidizing agents and this offers an 
attractive route for the synthesis of solids Thus extraction of lithium from 
LiVSg using I 2 /CH 3 CN has enabled the synthesis of metastable We have 

investigated the topochemical extraction of lithium from LiV 02 ^® and L 12 M 0 O 3 . 
Both the oxides crystallize in layered structures related to rocksalt (Fig 5). 
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Fro 5 Stinrcture ofLiVOa ( 4 [)showsorderingofLi+and V®+ in alternate (111) cation planes 
of the rocksalt structure, (1>) hexagonal unit cell of LiVOa LiaMoOs possesses essentially 
the same structure except that V®+-planes are replaced by planes contaimng both Li+ and 
Mo*+ m the ratio 1:2 


In LiVOa which adopts the a-NaFeOg structure, Li+ and ions are ordered 
in alternate ( 111 ) cation planes of the rocksalt structure, while m LiaMoOg, 
entirely Li+ containing cation planes alternate with those containing Li and Mo 
in the ratio 1 2 . 

We have been able to extract lithium from LiVOa and LijMoOj using Brg in 
CHClg as oxidizing agent 

L 1 VO 3 4- -y Br^-r- Lii_« VO 2 + xLiBr 

LiaMoOg -|“ ■^Br 2 ~>' Lis-^ MoOj -f- yLiBr 

In both the cases, delithiation proceeds topotactically yielding Lii_aVOgand L 12 - 1 /M 0 O 3 
series of oxides (Figs 5 and 6 ). Extent of delithiation can be easily followed by 
determining the oxidation states of the transition metal ion In Lii_iVO„, there is 
a marked decrease in c and a slight increase in a as x increases (Table II) The 
diffraction pattern of Li joV 02 (Fig 6 ) is indexable on a cubic unit cell with 
= 8 I 7 A. The changes in X-ray diffraction patterns of Lii_iBV 02 are indicative 
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Chemical compositions and unit cell parameters ofLi^-x VOi and Li^.yMoOz obtained 

by topochemical dehtkiation 

Composition Oxidation state Littice parameters(A) 

of V/Mo an ^n 


LiVOj 3.00 

Lio 68 VO* 3 35 

Lio. 45 VOi 3 55 

LioasVOi 3 75 

Lio iVOo 3.90 

UaMoOo 4 00 

LI 13 M 0 O 3 4 70 

Lio ssMoOa 3 05 

Li„ sMoOo 5 46 


2 84 

14.79 

2 84 

14.80 

2 86 

14.54 

2 89 

14 31 

2.89 

14 24 

2 88 

14 93 

2 89 

14 94 

2.91 

14 89 

2.93 

14.77 


of a cation rearrangement while retaining the anion subarray de Picciotto et 
who have investigated the system subsequently have found structural evidence for the 
rearrangement of vanadium atoms, in Lio-aaVOa approximately one-third of the 
vanadium atoms is located in octahedral sites left vacant m the lithium layer. 
Lii_»V 02 members formed by delithiation appear to be metastable, thus rocksalt- 
like Liq sVOa transforms to L 1 V 2 O 4 spinel and a VOa obtained by nearly complete 
delithiation of LiVOa transforms to the monoclinic (rutile-type) VOa at high tempe¬ 
ratures (Fig 6 ) 

la the Li 2 -vMoOa system, delithiation proceeds readily up to;; = 15 yielding 
L 105 M 0 O 3 as the final product All the intermediate phases up to j = 1.5 retain 
the parent structure (Fig 7) Complete removal of lithium is not achieved under 
the conditions employed. It appears that lithium 10 ns present in alternate (111) 
cation planes are removed while those present in the planes along with molyb¬ 
denum are not readily extracted It should be interesting to determine the 
structure of Liq 5 M 0 O 3 which would reveal whether cation rearrangement occurs 
or not 

Topochemical Reduction 

Topochemical redox reactions are well known, typical examples being the 
transformation of iron oxides between rocksalt and spinel structures ® Reduction 
of WO 3 to yield Wn 0 .in_i and WnOm-a series of crystallographic shear phases may 
also be regarded as topotactic process since the relationship to the parent ReOg 
structure can be traced in the products Similar topotactic reduction of perovskite 
oxides has not been investigated extensively, although a large number of super¬ 
structures derived from anion vacancy ordering in perovskite oxides is known 
Reduction of CaMnOg to CagMugOs has been found to be a topotactic reaction.®^ 
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Gai and Rao®® who have investigated the nonstoichiometry of LaNiOg by thermo- 
gravimetry have proposed the formation of LanNinOan-i series We have recently 
investigated the reduction of LaNiOj and LaCoOa under controlled conditions ** 
We have found that the reduction proceeds to give metastable phases of composition 
LaaNi^Os and LaaCo^Os What is interesting is that both the oxides can be oxidi/ed 
back to the parent pcrovskites indicating that the reversible reduction-oxidation is 
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indeed a topochemical reaction X-ray and electron diffraction data (Figs 8 and 9 > 
reveal that while La2Coa05 adopts a brownmillente structure, LagNi^Os exhibits a 
new type of anion vacancy ordering in the perovskite structure involving octahedral 
andsquare-planar coordination of Ni^+ The difference between the structures of 
compositionally similar LagNi^Os and LajCoaOj can be attributed to the differences 
in site preferences of €0®+ and Ni®+, when the ions are forced to accept four-fold 
anion coordination, Co®'^ would prefer a tetrahedral geometry while Ni^+ would favour 
a square-planar geometry. 

Topochemical Insertion of Hydrogen and Bismuth in Transition Metal Oxides 

Hydrogen atoms can be inserted topotactically into a variety of inorganic 
solids Insertions of hydrogen into M0O3 and Mn02 yielding HajMoOj and 
HaMnOa are some of the early examples of this type of reaction Hydrogen 
insertion is a redox process involving electron transfer from the hydrogen atom to- 
the reducible cation of the host solid Hydrogen insertion has so far been inves¬ 
tigated mainly with the binary transition metal oxides such as WO3, M0O3, ReOg 
and VgOg We have found that hydrogen can be readily inserted into LaNiOg and 
LaCoOg perovskites at low temperatures in the presence of platinum which 
acts as a hydrogen-spillover catalyst. The compositions of the insertion compounds 
are Ho gsLaNiOg and Hq soLaCoOg as determined by chemical analysis of oxida¬ 
tion states of nickel and cobalt. The insertion products possess essentially the 
same perovskite structure as the parent material (Fig 10 ) with a slight increase 
in lattice parameter (pseudocubic unit cell parameter of ggLaNiO^ is 3 88OA, 
while the corresponding value for LaNiOg is 3 826 A) The hydrogen insertion 
compounds exhibit a much higher resistivity than the parent perovskites Thus, 
while the resistivity of a compressed pellet of LaNiOg at room temperature was 
around lohm cm, the resistivity of the same pellet after hydrogen insertion was 
' 10 ^ ohm cm These results are consistent with the reduction of the transition 
metal 10ns to the divalent state on hydrogen insertion. Further work is in progress 
to characterize the structure and properties of hydrogen-insertion compounds deri¬ 
ved from perovskite oxides. 

We have been able to insert hydrogen into HJWWOe (M = Nb or Ta) as well 
as m Moi-xWasOg using Ft as the catalyst Hi-asAfWOg (;c '~0 3 ) phases are isostruc- 
tural with the parent HATWOg adopting cubic ReOg-type structure The phases are 
deep blue in colour and exhibit a much lower resistivity (~30 ohm cm) than the 
the parent oxides ('-'lO® ohm cm) The blue colour and the low resistivity leveal 
partial reduction of W«+ to W 5 + on hydrogen insertion With MOi.xWxOg, hydrogen 
insertion results in an increase of the symmetry of the structure, becoming tetra¬ 
gonal and cubic with increasing hydrogen content Powder diffraction patterns of 
Moo-s Wo sOj and Hq ahlOo sWq 5O3 are compared in Fig 11 The pattern of the 
hydrogen insertion compound can be indexed on a tetragonal cell with u = 5 210- 
and c = 3 9 lA. 

WO3 forms a variety of tungsten oxide bronzes, ^xW03 (A =- electro¬ 
positive metal) which can be regarded as insertion compounds The structures 



hmmm 




Fio 9 The structure and electron diifraction pattern of LajCOjO, in [100] zone axis—{«) brown- 
millerite structure, (b) the diffraction pattern expected and (c) the diffracted pattern observed 
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20 40 60 

2e(Co-Ko«.) 

Flo 10 X-ray powder diffraction patterns of LaNiOi, LaCoO, and their hydrogen insertion 
products 

of these compounds depend on. the identity of A as well as the value of a In 
addition to the three well-known tungsten bronzes, viz , cubic (perovskite-like), 
tetragonal (TTB) and hexagonal (HTB), a new type of tungsten bronze, called 
intergrowth tungsten bionze (ITB), has been discovered for small a values of 
A K, Rb or Cs ^ We have found that reaction of bismuth with WOj in sealed 
tubes aiound 900 °C results in insertion of bismuth atoms into WO3, yielding 
ITBs, Bij-WO^ (a<0 07 ) Detailed investigations of BuWOj have shown that each 
bismuth transfers three electrons to the WO3 hostThe mtei growth stiucture of 
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2d(d#g) Co K« 

Fro 11 X-ray powder diffraction patterns of (a) MOo ,Wo ^Oi and (b) Ho .MOo [,Wo jOj 


the bronzes, consisting of slabs of WO3 strips ofHTB units, one tunnel wide, has 
been revealed by high resolution electron microscopy (Fig 12 ) Formation of the ITB 
structure can be viewed as a topochemical process since insertion of bismuth rear¬ 
ranges the octahedral network of the parent WO3 to produce hexagonal tunnels to 
accommodate bismuth without breaking the W -0 bonds in the parent oxide 

Concluding Remarks 

The results reported in the paper show that it is possible to exploit topochemical 
reactions of inorganic solids, which occur at relatively low temperatures, to design 
new strategies foi the synthesis of metal oxides It should be interesting to extend 
topochemical methods for the synthesis of other classes of inorganic solids such 
as metal halides and metal chalcogenides Synthesis of VS^ by extraction of 
lithium from L1VS2, of MFejS4 (M = Ca, Sr, Ba) starting from KFeS> by lon- 
exchange and of MOgS^. from CuiMogS^ by acid leaching are some of the examples 
of topochemical synthesis of metal sulphides.'^"’^** The significance of the present 
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Fig 12 High resolution electron microscope (500 kV) image of Bio iWO revealing the ITB 
structure. Slabs of WOj and HTB strips where Bi atoms are located are clearly seen in 
the image 


work extends beyond solid state synthesis It is not known, for instance, why in 
some topochemical reactions the structure is essentially retained, while a structural 
transformation accompanies the reaction in others, as in the case of conversion of 
LiNbOg to HNbOj The role of electronic configuration of the transition metal 
atom and the nature of bonding m the solid on the course of topochemical 
reactions are not clear at precent Thus it is not known why LiNbOs undergoes 
facile proton-exchange m aqueous acids, while the structurally related LiSbOj does 
not Similarly, it is not known why lithium inseition into ReOg giving LiReOa and 
LiiReOa IS accompanied by a structural transformation^^ while a similar transfoi- 
mation is not seen when lithium is extracted from Li^MoO^ These aspects deserve 
further investigation 
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NUMEROUS STRUCTURES OF OXIDES CAN BE 
BUILT UP FROM THE ReOa-TYPE FRAMEWORK 

B Raveau 

Laboratoire de Cnstallographie, Chimie et Physique des Solides, Equipe Oxydes^ 
U A 251, ISMRa—XJniversite de Caen, 14032 CAEN Cedex, France 

Key Words: Oxide Structures; ReOa-Type Framework; Auriviilius Phase; 
Perovskite 


Introduction 

The perovskite structure, or more exactly the ReOa-type lattice forming this structure 
IS one of the most fascinating frameworks owing to its great simplicity and flexibility 
Galasso,^ Wells^ and Rao et al ’ have shown that the perovskite structure is involved 
m a great number of oxides Moreover it appears, from the latter review that 
many structures are related to the perovskite The aim of the present paper is to 
analyze the “ilfOa” framework and to show that it can be used as a precursor 
for generation of new structural families, and also that some structures which 
are known since a long time are m fact closely related to the “MOa” host- 
lattice 


The Re03'Type Host-Lattice 

The consideration of the ReOa structure (Fig. la) or of the cubic ABOs perovskites 
(Fig 1^) shows that they are both formed of the same octahedral framework ilfOs. 
This host lattice can be described as built up from “MiOzo’ units forming square 
tunnels (Fig 2a) connected through the corners of their octahedra (Fig 2b). The 
only difference between ReOa and the cubic perovskite concerns the occupancy of 
the tunnels which are empty in ReOa and fully occupied in the stoichiometric ABOz 
perovskites, while a partial and random occupancy is possible as shown in the 
bronzes .^xWOa for .4 = Li, Na, Ln, Ca, Sr, U, Cd, Hf (for review see ref 4-6) A 
great number of stoichiometric perovskites exhibit a distorted MOz host-lattice 
which corresponds to a deformation of the MOe octahedra.^ Another way of 
distorting the MOz framework corresponds to its compression or elongation along 
one [100] direction it results in diamond-shaped “M4O20” units (Fig 3) m which the 
MOe octahedra may remain regular Many diamond shaped-tunnel perovskites'^-^^ 
have been recently isolated involving Jahn-Teller ions such as Cu-+ and Mn’^^ It 
IS for instance the case of the oxides [CaCu 3 ]AiVf 40 i 2 (M = Ti, Mn) and [CaMnajA 
Mn40i2 m which three A sites out of four are occupied by the Jahn Teller 10 ns in 
an ordered way, and of the defect perovskites (Cu □)ATa206 and (Mn □)AMn 40 i 2 
in which vacancies and Jahn-Teller ions are distributed in an ordered way on the 
A sites Those cubic perovskites whose “^i” parameter is twice that of the ideal 
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Fig 1 The usual representation of the ReOs-structure (a) and of the perovskite structure- 
AMOz (b) 



Fig 2 The octahedral “AfiOjo” units forming square tunnels (a) and their connection forming the- 
MO 3 framework ( 6 ) 

perovskite result from a compression of the ideal AfOa framework and a tilting of 
the MOe octahedra (Fig 4). This effect is a consequence of the presence of the 
Jahn-Teller 10 ns or Mn'*'*' which take no more a 12-fold but a square planar 

coordination 

Thus It appears that the square “MiOao” units and the diamond shaped “M4O20” 
umts are the two extreme units which can participate to the formation of the“ 71 /Oa” 
perovskite host-lattice Consequently, one can imagine that the great ability of 
deformation of the perovskite “AfOa” framework without a sensible distortion of 
the MOe octahedra, should allow a great adaptability to various frameworks and 
polyhedra and to generate new structures closely related to perovskite 
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i^iG 3 The diamond-shaped units 


Rg 4 The diamond-shaped CaCusMiOi,. 
perovskite. 



Fig 5 Description of the sodium chloride type structure of the MO oxides (a) the [AfOg]*" 
ReOj-type framework (6) the anti-ReOj [OMs]*^ framework and (c) interpenetration of the 
two octahedral frameworks 


The Adaptability of the Re03-type Framework to other 
Octahedral Structures 

The ReOi-Lattice and the Sodium Chloride Structure 

A very well-known structure, which is often the first structure taught to the 
students is the one of sodium chloride owing to its cubic face centered character 
involving an ABC close-packing of the anions and of the cations In fact, this 
structure is rather complexe and derives from the ReOa-framework The examination 
of the MO sodium chloride type oxides shows that a quarter of the metallic M 
atoms and three quarters of the oxygen atoms form a ReOa-type lattice built up 
from corner-sharing MOe octahedra (Fig 5a), whereas the remaining M and oxygen 
atoms form a OMi lattice built up of corner-sharing OMe octahedra (Fig 5b) whose 
dimensions are identical to those of the MOe octahedra. Thus it appears that the 
MO-sodium chloride structure is composed of two interpenetrated and isometric 
[MOa]^" and farmeworks (Fig 5c) the first one exhibits the ReOa structure 

whereas the second is an anti-ReOs framework 
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Ero 6 Structure of the intergrowths between perovskite and sodium chloride type oxides 
(^O) (,AM 03 )n : structure of the KaNiF 4 -type, n = 1 (a) and schematic representations of 
the members n — 2 (b), n — 3 (c) and n = \ 5 (d) 

The close relationship of the perovskite structure with the sodium chloride 
structure is also clearly visible by considering the planes of the AMOz perovs¬ 

kite at the level z ~ 0 (Fig. 16) which are characterized by sodium chloride type 
arrangement of the A and O ions A consequence of this bidimensional accord 
between the AO rock salt structure and the AMOz perovskite leads to the genera¬ 
tion of intergrowths AO (A.M03)n.^’^^~^’* These phases consist of single sodium 
chloride type layers alternating with multiple perovskite layers, which are « octahedra 
thick (Fig. 6) Several series of oxides AO (AMOah have been synthesized for 
A = Ca, Sr, Eu’'’^ and M = Mn, Ti, many oxides exhibit the K 2 N 1 F 4 structuie which 
corresponds to the first number of the series La2Cu04, La2Ni04, Sr 2 M 04 (M = 
Ti, Sn, Mn, Mo, Rn, Ir, Rh), Ba2Ar04 (M - Sn, Pb), ^2U04 (A =-- K, Rb, Cs) 
The order between the AO and AMOz layers decreases as the thickness of the 
perovskite layers increases so that for very high n («-> 00 ) values the AO layers 
appear in the form of bidimensional defects in the perovskite matrix Moreover, 
it must be pointed out that for non-integral n values multiple intergrowths 
corresponding to a sequence of several different perovskite layers (Fig 6d) may be 
obtained, however, such intergrowths have never been observed in the ordered state 


The Diamond-shaped ReOz-FrameworJc and the Hexagonal Tungsten Bronze Structure 

The comparison of the idealized diamond-shaped ReOs host-lattice (Fig la) 
and of the H T B A^WOa (Fig. 76) shows that these two structures are formed of 
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identical octahedral layers characterized by angles of 60 and 120'^ The intergrowth 
of these structural types, can be realized by means of these layers (^Fig. 7c). Thus, 
a senes of bronzes {A = K, Rb, Tl, Cs, Sn, Pb, Sb) called intergrowth 

tungsten bronzes (1TB), and dielectric oxides AxM^i-xOi (A = K, Rb, Tl, Cs) 
called bronzoids were isolated Fig 7c shows as an example the structure of one 
of these ITB’s observed for the bronzoids Cs»(Nbj,Wi _a !)03 Several ordered ITB’s 
in which the HTB and diamond shaped perovskite slabs exhibit different thicknesses 
were isolated. Many disordered intergrowths were observed. Most of the ITB’s 
are characterized by the presence of tungsten in the MO 3 framework, except for 
Sbo aMoOs.i, CaaTlTasOis and the oxides /iCu^AfrOai (A = K, Rb, Tl, Cs and 
M — Nb, Ta).®° The copper compounds are rather different from the other ITB’s 
(Fig 8) m that the Cu®+ 10 ns which exhibit a square planar coordination are located 
in the diamond-shaped perovskite tunnels, the realisation of such a coordination 
for copper necessitates a tilting of the MOe octahedra along the c-direction perpendi¬ 
cular to the plane of the projection involving a doubling of the c-parameter with 
respect to the other ITB’s As a consequence this latter structure must be considered 
as modified ITB’s, resulting from the intergrowth of the diamond shaped perovs¬ 
kite Cu 3 □ MiOiz and of the HTB’s AMzO% It is clear that such an intergrowth 
is initiated by the Jahn-Teller effect of copper 



Fig 7 The idealized A/O 3 host lattice (a) and the HTB framework ( 6 ) and the ITB 
Cs^(Nb*Wi_,,) 0 , (c) 



Fig 8 The modified ITB ^CujMvOai, intergrowth of the diamond shaped perovskite CUa □ MtOn 
and of the HTB AM^O^ 
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The MiOia Peroyskite Columns and the TTB Structure^'^^^ 

The MOz perovskite framework is closely related to the tetragonal tungsten 
broze structure discovered by Magn^li. The rotation of a MiOzz perovskite column 
in a ReOa-type matrix (Fig. 9^7) of jt/4, leads to the formation of TTB microregions 
characterized by four pentagonal tunnels surrounding a square perovskite tunnel. 
Such an intergrowth is not so easy to realize, owing to the fact that it involves a 
small distortion of the AfOe octahedra (Fig 9b) 

The presence of such isolated defects, in the form of TTB columns in the 
MOa-perovskite matrix has been observed by high resolution electron microscopy 
WOa-NbgOs system for the tungsten-rich compositions It is obvious that the 
ordered formation of such “defects” in the ReOa-type matrix should lead to a series 
of microphases. The limit phase is m fact represented by the TTB structure 
observed for Ko 50 WO 3 (Fig 9b) and Nb8W9047 (Fig. 9c) in which the “rotation 
defects” are so close to each other that no more place is left for the initial ReOa- 
type matrix Intermediate structures, which are intergrowths of the TTB and 
MOa-perovskite structures can thus be predicted. The NbaOs-WOa system is a 
good example in which the TTB-ReOa-type intergrowths are easily formed. Fig. 10 
shows, for example, the structure of NbsWsaOse and the formation of the TTB slabs 
in the ReOa-type matrix by ordered rotation of the “A/4O20” units. Such an inter- 



c 

Fig 9 The rotaUon of a “M40io” unit m a ReOa-type matrix (a) leads to a TTB region (6) also 
observed for NbgW9047 (c). 
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b 

a 

Fig 10 The cooperative rotation of the “M 4 ,Oio' units (n) m a ReOa-type matrix leadmg to the 
formation of the TTB slabs (b) m the ReOa-type matrix 


growth can be formulated [(ArO)2Mio03o]'‘^‘’^® with n — 9, where n corres¬ 

ponds to the number of octahedra forming the ReOa-type chains between two TTB 
slabs and determines the width of the ReOa-type slabs whereas (MO)z represents the 
number of “iWO” chains located in the pentagonal tunnels of the TTB slabs Thus 

a general formulation [(JWO)a!A/'io03o]^’^^ can be proposed for the different 

ordered intergrowths of this system where m and n are integral numbers correspond¬ 
ing to the width of the TTB and ReOa-type slabs respectively and x is a non-integral 
number {x < 4) corresponding to the insertion rate of the MO chains m the penta¬ 
gonal tunnels. 

The oxides Nb8W22086 and Nb4W703i correspond to the members m = I with 
n = 9 and 5 respectively, while Nbi2Wii063 is characterized by the values m ~ 2 
and Tt = 5 

The TTB slabs are frequently disordered with variable widths, involving a 
wide domain of non-stoichiometiy which is amplified by a variable insertion rate 
in the pentagonal tunnels. Analogous phenomena are observed in the TazOs-WOa 
system. 


Shear Structure derived from the ReOs-TVPE Lattice^-®’^^~®® 

The shear-structures derived from the ReOa-type lattice over a wide field of investi¬ 
gation ranging from the molybdenum and tungsten suboxides MnOin-i and MnO^n-% 
to the block structures derived from the M, N and H NbzOs forms It is not 
possible to discuss here m a detailed way all those structures owing to their very 
great number • examples of a simple shear structure Mo 9026 and of a block structure 
Af-NbaOs are presented on Fig \4a and 11& respectively From their examination 
it is obvious that they are closely related to the MOz framework and derive from 
the latter by sharing the edges of their octahedra instead of their corners It must 
simply be emphasized that the true single shear structures are formed of ReOa-type 
slabs separated by infinite crystallographic shear planes (CSP) in which the MOe 
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Fra 11 Structures of a true single shear structure MojOae («) and of a block-structure M-NbaOs- 

octahedra share their edges, whereas the block structures result from a combi¬ 
nation of several shearing phenomena leading no more to perovskite slabs but to 
MO~ perovskite columns sharing the edges of their octahedra 

It IS well known that the direction of the CSP’s in those structure depends on 
the number of octahedra sharing their edges The most frequent CSP’s {102} {103} 
and {001} or {100} are formed of blocks of 2 x 2, 2 x 3 and 2 x edge-sharing 
octahedra respectively (Fig. 12) It must be pointed out that these CSP’s formed 
of 2 X n edge-sharing octahedra, are themselves built up from edge-sharing “Af402o” 
units for even-n values (Fig 12 b and e) 
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Fig 12 The most current crystallographic shear planes {102} {a, b), {103} (c), {001} {d-e) 

Besides the {102} and {103} C S P which lead to the formation of the MnOzn~\ 
and MnOzn.n shear structures respectively, the {001} CSP exhibits a particular 
interest m that they can be formed in two dilferent ways noted {001}^“ (Fig. 13a) 
and {001} * (Fig 13b), leading always to oxides of formulation MnOan_i It results 
that two other different senes of MnOzn-i can be considered the oxides characteri¬ 
zed by the presence of one type of CSP’s only {a or b considered separately are 
equivalent), and the oxides in which the two types of CSP {001}“ and {001}® coexist 
in the structure. An example of the first series is given by NbaOrF or VaMoOg 
third member of the series (Fig. 13c‘) whereas an example of the second series is 
given by P-NbaOs (Fig I3d) second number of the series It is remarkable that 
first number of this second series (Fig 13e) corresponds to a very compact structure 
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Fig 13 The shear structures. The two representations of {001} CSP’s (a) and (6), 

comparison of the structure of the oxides VaMoOg (c), P—^NbiO® {d) and ideahzed anatase 
TiOg (e). 



only built up from edge-sharing octahedra, this latter structure is in fact observed 
for the anatase form of T 1 O 2 with a sensible distortion of 'lie octahedra. Conse¬ 
quently these C S structures can be considered as a result of the adaptability of the 
ReOa-type framework to the MOa-anatase structure 


Layer Structures 

The great flexibility of the ReOa-type framework makes that the perovskite structure 
can also be “cut up” in the form of anionic layers whose cohesion is ensured either 
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Fig 14 The layer titanates and titanoniobates /<„M„ 03 n+j n — A (a), n = 5 {b) and n — 6 (c) 

by ions like in the layer oxides AnMnO%n+i or by infinite cationic layers 
[BiaOa]^”"'' like in the Aurivillius phases 

The Titanates and Titanoniobates AnMnOzn+z with a Layer Structur^^^’^ 

These compounds form a very important family m which A is an alkaline-earth 
ion and or a lanthanide ion and M is titanium and or niobium The different 
members of the series were isolated in the systems ^2Nb207-CaTi03 {A = Ca, Sr) 
and T/JaTiaOT-CaTiOi {Ln ~ La, Nd) Their structure consists of infinite anionic 
layers [AftiOan+a]"'- (2n ^/i'^ 3/i), whose cohesion is ensured by ^and 
cations. These layers exhibit a diamond-shaped perovskite configuration, with 
distorted MO^ octahedra. The different members of the series (Fig 14) differ from 
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each other by the number n of octahedra which determines the thickness of the 
perovskite layers, the smallest member which has been observed m oxides being 
CaaNbaO? (« = 4). Non integral n values are also observed. they correspond to 
the stacking of layers of different thickness in the same oxide; these latter oxides 
are considered as intergrowths of two or several integral-n members. Such inter- 
growths may be ordered, or disordered, formed of two or more different K-members 
leading to giant cells which have been observed by electron microscopy. 

The Aurmllius phases Biz02An^iMn0zn+i^^~^’^’^'^'’^ 

The Aurivillius phases, which have been extensively studied for their ferro¬ 
electric properties form a very numerous family which can be formulated (BiaOa)®"*' 
(An-iMnOsn+if- With A =- Ca, Sr, Ba, Pb, K, Na, Bi and if = Ta. Nb, Ti, W. 

This structural family is represented on Fig. 15 by the three first members, the 
koechlinite BiaMoOe (« = 1) studied for its catalytic properties and the ferroelectric 
oxides BiaSrNbaOs (n = 2) and^^BuTiaOia (n = 3). 






Fig 15 The Aurivillius phases The layer (a) koechlinite,/! = 1 (b) schematic repre- 

sentation of BiaSrNbaO, n = 2(c) and B 14 TI 3 O 18 , n = 3 (d) 
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The structure of the different integral m members is formed of pyramidal 
(Bi 202 )®'*'layers (Fig 15a) built up of edge-sharing B 1 O 4 pyramids alteinately with 
multiple perovskite layers (Fig 15&, c, ti) which are k octahedra thick. This class 
of oxides is very similar to the (^O) (AMOs)n mtergrowths : the (Bia 02 )’®+ layers 
replace the sodium-chloride slabs whereas the perovskite slabs remain untouched. 
Nevertheless the ^0(^AiOa)n oxides form a continuous three dimensional material 
and cannot be considered as a layer-structure contrary to the Aurivillius phases 
which consist of cationic and anionic infinite layers. The non-stoichiometry possibi¬ 
lities in these oxides are similar to those described for (^O) {AMO^n> as well as for 
AnMnOzn+% for Hon integral n values and high n values ordered and disordered 
mtergrowths of integral members are observed. 

The structure of 

The structure of M 0 O 3 formed of neutral layers of edge-sharing distorted 
octahedra, whose cohesion is ensured by van der Waals forces can be deduced from 
the ReOa-type framework in a very simple way, as shown formally on Fig. 16. The 
cooperative migration of one plane of MoO chains out of two m the AfOa-perovskite 
framework, i.e. the 001 shearing of one octahedral layer out of two (Fig 16a) leads 
to double edge sharing ATOs-perovskite layers already observed in {001} AfnOsn_i 
shear structures (Fig. 16i). The translation of one layer out of two along the 
direction perpendicular to the plane of the projection of half a height of an octahedron 
combined with a simple translation in this plane in order to bring them closer together 
leads to the M 0 O 3 layer structure (Fig. 16c) Thus, it appears that the M 0 O 3 struc¬ 
ture can be considered as the consequence of a shearing mechanism in the ReOa-type 
lattice 


Adaptability of the RbOs-type Framework and Tetrahedra 

The ability of the ReOa-type framework to adapt PO 4 tetrahedra has been discovered 
recently with the very numerous family of the phosphate tungsten bronzes 
These oxides are generated by the replacement of one or two octahedra by a PO 4 
tetrahedron or a diphosphate group in a “W 4 O 20 ” unit (Fig 17) The 0~0 distance 
in the PO 4 tetrahedra, very close to those observed in the WOe octahedra, allows a 
junction without changing the angles of 90" which characterize the perovskite cagss 
(Fig 17a). In the same way the height of the P 2 O 7 group, close to that of a WOe 
octahedron, allows a connection without tilting drastically or distordenng the WOe 
octahedra (Fig. lib') As a result four main families of phosphate tungsten bronzes 
closely related to the perovskite have been isolated the diphosphate tungsten bronzes 
with hexagonal tunnels (DPTBh), the monophosphate bronzes with pentagonal 
tunnels (MPTBp), and the diphosphate tungsten bronzes with pentagonal tunnels 
(DPTBp), all characterized by metallic or semi-conductive properties. 

The DPTBh’s ^»(P204)2(W03)2« {A = K, Rb, Tl, Ba, 0 < x < 1 and ni - 
integral) have their host-lattice (P204)2(W03)2m formed of ReOa-type slabs connected 
through planes of diphosphate groups (Fig 18). The “perovskite” slabs are almost 
regular and their perovskite tunnels are empty At the junction between two 
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Flo 16 Cooperative migration of the AfO chains m the ReOs-type'structure (a) leading to {001) 
CSP’s (b) and finally to the M 0 O 3 structure 




Fig 17 The adaptabihty of a tetrahedron (a) and of a Pa 07 group (b) to the WO« octahcdra. 

consecutive slabs the corner-sharing WOe octahedra and P2O7 groups form hexa¬ 
gonal tunnels where the A ions are located. The ReOa-type slabs have a variable 
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■Width characterized by the number m of comer sharing octahedra m the [100 ]p 
direction Moreover, the even-/n members (Fig. 18a) differ from theodd-w members 
(Fig 186) by a translation of one phosphate plane out of two. As a consquence, 
the perovskite slabs are all built up of identical chains of mj! octahedra in the 
[OlOjp direction of the even-/w members (Fig. 18a), whereas in the odd-/n members, 

I "I 

the octahedra chains parallel to [OlOjp of one slab are alternately formed of —^— 

771 1 

and —2— octahedra (Fig 186) The tendancy to form regular tunnels is remark¬ 
able the hexagonal tunnels exhibit angles of 90 and 120°, while the perovskite 
tunnels are characterized by angles very close to 90°, and 60-120° are observed for 
the small diamond-shaped tunnels built up from two octahedra associated to two 
tetrahedra 


The MPTBp’s (P 02 ) 4 (W 03 ) 2 m are also built up from ReOa-type slabs connected 
through phosphate planes (Fig. 19) but in these oxides each PO 4 tetrahedron shares 
its four corners with WOe octahedra. At the junction between two perovskite slabs 
the WOe octahedra and PO 4 tetrahedra form pentagonal tunnels which are empty. 
Like the DPTBh’s, the different members of this series differ from each other by the 
width of the ReOa-type slabs 1 e. by the number m of octahedra in the [OOljp 
direction and by the parity of m In theeven-w members (Fig 19a) the perovskite 
slabs exhibit a constant width along [110]?, whereas in the odd-w members (Fig 196) 

fYl T I - 

one phosphate plane out of two has been translated so that chains —=— 


and 


— octahedra alternate parallel to the [110]? direction. Moreover, in this series, 
the member m == 5, exhibits a second form whose host-lattice (Fig 19c) is formed 



• t> 

aPiG 18 The^structure of DPTBji’s (PiOOnCWGaljm {a) an evcn-m member m =. 6 (6) an odd-m 
member m =1. 
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C 

Fio 19 Structure of the MPTBp’s (POi)(W 03 )jni an even m member m — 4 (a), an odd-w member 
m — S (b), the second form of observed for m = 5 corresponding to the intergrowth of 
m = 4 and m *= 6 (c) 

of two different ReOa-type slabs which are six and four octahedra wide respectively, 
so that such a structure can be considered as an intergrowth of the two even members, 
m — 4 and m = 6 

The third family, the MPTBh’s Ai(P02)4(W03)2m, is observed for A = Na, K 
and an insertion rate greater than that of the DPTBh’s 1 < x < 2 The structure 
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a 



b 

Fig 20 Structure of the MPTB^’s Ka;(P08)4(W03)8OT an odd-wj member m = 7 (a) an even-m 
member m = 4 

of these bronzes is composed of ReOa-type slabs identical to those of the MPTBp’s 
and connected through “monophosphate planes” (Fig 20). These differ from the 
MPTBp’s by then junction between two ReOa-type slabs m which thePOi tetrahedra 
and WOe octahedra form hexagonal tunnels where the A ions are located. In these 
oxides the odd-m members (Fig 20a) difler from the even-m members (Fig. 20Z>) by 
a translation of one phosphate plane out of two as shown for the potassium bronze 
m = 4 (Fig 20b) It is worthy of note that both frameworks MPTBp’s and MPTBh’s 
are very closely related they are both built up of quite identical AfOa slabs 
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b c 

Fig 21 The identical MOs-sIabs bordered with PO* tetrahedra (a) common to the MPTBh’s 
(b) and to the MPTBp’g (c) 

bordered by PO 4 tetrahedra (Fig 21a) and differ only one from each other by the 
relative positions of the slabs. One passes from the MPTBh’s structure (Fig 2lb) 
to the MPTBp’s structure (Fig. 21 c) by rotation of 180° of one slab out of two. 

Besides these three classes of oxides which were synthesized in quantitative 
manner for a wide field of composition (m ranging from 4 to 16), the DPTBp’s could 
be observed by HREM on microcrystals but could not be synthesized as pure 
compounds in the form of polycrystalline samples The host-lattice of these bronzes 
(Fig. 22) is closely related to the one of DPTBh’s m that one observes again AfOa- 
perovskite slabs connected through diphosphate planes But, contrary to the 
DPTBh’s, the association of two P2O7 groups and two WOe octahedra at the junction 
of two perovskite slabs delimits pentagonal tunnels which seem to be unoccupied. 
Moreover, only a semiregular spacing of the diphosphate planes could be observed 
for those oxides 

It must be pointed out that all these bronzes exhibit single and multiple 
mtergrowths for non-integral w-values, and for very high integral m-values. 
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Rg 24 Transversal intergrowth of {001}-{103} CSP’s and diphosphates planes. 

These intergrowths which correspond to a sequence of different ReOs-type slabs 
may be either ordered or disordered according to the method of synthesis and 
the nominal composition of the samples Many extended defects have been 
observed m these oxides by HREM which show the great flexibility of the perovskite 

framework. 
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FtG 25 Longitudinal intergrowth of {102} CSP’s and diphosphates planes. 



[ 010 ] 







-♦ [ 010 ] 


Fig 26 Structure of PgWi^Oga (a) and CsPgWgOjo (b) 


It IS not possible to present here all these studies Nevertheless one can: 
mention as examples the possibility of formation of regular transversal inergrowths 
of {102} CSP and diphosphates planes in a MOz matrix (Fig 23), or transversal inter- 
growths of complex {001}-~{103} CSP and diphosphate planes (Fig 24) or longitu¬ 
dinal intergrowths of {102} CSP and diphosphate planes (Fig 25). 

Besides these bidimensional conductors, other phosphorus tungsten oxides such 
as P 8 Wi 2052 ^®^* and CsP8W3O40<^“^ emphasize the great adaptability of the PO 4 
tetrahedra to the MOa-perovskite framework The first one has its framework 
(Fig 2661) formed of perovskite columns built up of 2 x 3 octahedra which are 
linked together sometimes through the vertices of their octahedra, sometimes through 
diphosphate groups, this framework forms pentagonal, “hexagonal” and perovskite 
tunnels which are empty The bronze Csp8W804o whose host lattice (Fig 26b) is 
formed of corner-sharing WOs octahedra and diphosphate groups is remarkable 
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by Its octagonal tunnels where the Cs+ ions are located. In spite of this parti¬ 
cularity this structure is very closely related to the perovskite in that one observes 
“j\f 402 o” units which form perovskite columns perpendicular to the plane of the 
projection. These columns are completely isolated, i e. they are only linked to P 2 O 7 
groups so that such a bronze should present a unidimensional conductivity. 

The possibility to adapt tetrahedra to the AfOa-perovskite lattice is not limited 
to the phosphate tungsten bronzes The oxides y and -q MoaOn®^-®* correspond 
to the members m = 6 of the MPTBp’s and the MPTBh’s respectively, while 
NbPOs and NbTaOs®® represent the second member of the MPTBp’s In the 
same way the molybdenum bronzes y4iMo60i7 (A = Na, K, 0 8 < x 1) which 
exhibit a layer structure®®-®® are related to the MPTBp s. Their structure (Fig 27) 
IS characterized by four octahedra-wide perovskite layers bordered hyMOi tetrahedra, 
the cohesion between these layers is ensured by the A'^ ions. 

Creation of Anionic Vacancies in the Perovskite Structure 

The ReOa-framework, owing to its great flexibility, is at the origin of new structural 
families, which can be deduced from the perovskite structure by ordered formation of 
anionic vacancies. In order to form AMO^x perovskites, the M cation must be able 
to take besides the octahedral coordination smaller coordinations (tetrahedral, pyra¬ 
midal, square planar, etc ). Such a situation can be realized by the presence on 
the M sites either of two different metallic elements or of mixed valence elements. In 
this respect elements such as iron, copper, manganese and cobalt are potential candi¬ 
dates owing to their ability to take several oxidation states and several coordinations. 

From Perovskite to ^-Cristoballite via Brownmillerite Oxygen-Defect Perovskites built 
up from Octahedra and Tetrahedra^^-^^ 

Starting from the ReOa-type framework (Fig. ISa), new mixed frameworks can 
be generated by creation of rows of oxygen vacancies parallel to [110 ]p in an octa- 



Fro 27 The structure of the molybdenum bronze AMod^n (A = Na, K) 
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a b 

Fig 28 The creation of rows of oxygen vacancies m the AfO* framework along <110>p (^) 
leads to the formation of slabs of tetrahedra (A). 


hedral slab m such away that one vacant row alternates with a fully occupied one 
leading to a tetrahedral slab (Fig 286) This ‘'mechanism” of formation of 
vacancies leads to the oxygen-deficient perovskites {AMOz)nAMO-i □ whose host 
lattice IS built up from multiple perovskite layers connected through planes of MOi 
tetrahedra as shown for the three first members of the series (Fig 29), The integral 
number n corresponds to the number of octahedra which determines the thickness 
of the perovskite slabs Numerous phases corresponding to different n values have 
been isolated m the systems CasFeaOs— ATiOs (A ~ Ba, Sr, Ca) and Ca 2 Fe 205 — 
^FeOa (/4 = Y, La, Gd), in which iron exhibits simultaneously two coordinations, 
tetrahedral and octahedral, and one oxidation state -I- 3, and in the system 
SrFeOa—Sr2Fe205, where iron exhibits a mixed valence Fe^^—Fe^+ In all these 
oxides many intergrowths of two integral ^-members have been observed for non 
integral m values as shown for instance for CasFegOia (« — 1 5) which 
corresponds to the intergrowth of the members m - - 1 and 2 (Fig 29d) More 
complexe ordered and disordered intcrgrowths are frequently observed m these 
systems in which iron can be partially replaced by manganese. 

The brownmillerite structure Ca2Fe205, also observed for Ca2FeA10s, CaaFeCoOs 
and SraCoaOs, first member of this senes (Fig 29a) differs from the other members of 
the series in that one layer of tetrahedra out of two is translated, it results a doubling 
of the 6 parameter with lespect to the hypothetical structure (Fig 30u) which would 
correspond to the same composition If one carries on the process of ordered 
creation of rows of anionic vacancies parallel to [110]p in this latter structure 
(Fig. 30a), a tetrahedral framework is obtained (Fig 306) which is m fact the one of 
p-cnstoballite 

Oxygen-Defect Perovskites and Related Structures built up from MO^ Octahedra and 
MO5 

The creation of rows of oxygen vacancies parallel to the [001] direction of the 
cubic perovskiie cell leads to the formation of a senes of oxides whose framework 
IS built up of MO 5 pyramids and MOa octahedra The resulting framework forms 
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Fig 29 The oxygen defect perovskites □ (a )—Brownmillente n =* I, (6) n = 2, 

(c) 7z = 3, (d) n ~ 1 5 intergrowth of« = 1 and n = 2 

O Ox •a aCu 



b 

a 

Fig 30 Ordered creation of anionic vacancies in the hypothetical second form of A^MiOs first 
member of the senes (,AMO^)nAMOiT^ leading to the p-cristoballite (n ~ 0) ib) 


hexagonal tunnels where the A ions are located Copper, cobalt and especially 
manganese oxides are characterized by their ability to foim such oxygen defect 
perovskites For instance the anion deficient system CaMnOj_x exhibits at least 
twelve different ordered oxygen-deficient perovskitc structures four different foims 
for the limit composition CaMnOa 5, and foui forms for CaMnOa 75, two forms for 
CaMnOs 667 , and one form for CaMn02 sse andCaMnO^ a. SraMnaOs, Ca2Co205 and 
BaLa 4 Cu 50 i 3 belong to this class of compounds 
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Fig 31 Structure of Ca^Mn^Ofi—schematic drawings corresponding to the major form (a & 6) 
showing the rows of oxygen vacancies parallel to [001]p in the ReOg-type framework 
(a) and the MnOj pyramids forming rows of hexagonal tunnels (6) and schematic 
structures of two other minor forms {c~d) showing different orientations of the rows of 
tunnels 

A complete discussion of all these oxygen deficient perovskites is not possible 
here Nevertheless it can be stated that all these frameworks result from the 
ordered elimination of rows of oxygen atoms parallel to [001 ]p in the ReO-type 
framework The different forms of Ca2Mn305 are all characterized by corner¬ 
sharing MnOs pyramids in agreement with the unique presence of the Jahn-Teller 
ion Mn(III), these forms differ only from each other by the relative orientation of 
the rows of hexagonal tunnels. It is easy to understand from the comparison of 
the structure of the most currently observed phase (Fig 31a, Zi) for Ca 2 Mn 205 with 
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two Other forms fFig. 31 c, d), observed m minor amounts, that many polytypes can 
be predicted, these phases consist of identical rows of hexagonal tunnels parallel to 
[110]p and differ from each other only by the relative orientation of the successive 
tunnel rows The ordered insertion of oxygen in the hexagonal tunnels of the 
different Ca2Mn205 forms may lead to mixed valence oxygen dificient perovskites 
built up from multiple rows of hexagonal tunnels, i e multiple slabs of MnOs 
pyramids parallel to ( 110 )p which alternate with multiple ReOa-type slabs as shown 
for instance for one form of CaMnOa 75 (Fig- 32 ( 2 ) which is obtained by insertion 
of oxygen in the CasMusOs form described in Fig 30 h Many other complex 
orgamsations of these hexagonal tunnels, resulting from mixed frameworks built up 
form octahedra and tetrahedra have been observed for intermediate compositions 
between and the stoichiometric perovskite as shown for instance for 

CaaMnOa s (Fig 326 ) and the metallic conductor BaLa4Cu50i3 (Fig. 32 c) 

The possibility of formation of mixed layers built up from MOs pyramids and 
iWOe octahedra can be extended to the intergrowths ^ 0 (^M 03 )n The oxides 
Laa-x^i+aCuOe-aj/s+s (A — Ca, Sr) are one example of such a possibility the 
structure of the limit compound LaaSrCuaOe (Fig 33 fl) corresponds to the second 
member of the mtergrowth in which the AO layer remains stoichiometric whereas 
the double perovskite layer is oxygen-deficient in such away that it is only formed 
of comer-sharing CuOs pyramides It is worthy of note that such a Cu(II)-oxide 
can intercalate oxygen in a reversible manner, leading to the mixed-valence oxides 
LaaSrCuaOe+s in which the oxygen-deficient perovskite slabs are built up from CuOs 
octahedra and CuOs pyramids The oxides La2-ai/4xCu4_(s/2+s (A — Cu, Sr) are 
closely related to the oxides La2_x/4i,.aCu206_»/2+s they represent the first member 
of the mtergrowth (Fig 336 ) formed of AO stoichiometric layers and single oxygen 
deficient perovskite layers Moreover they differ from the second member, in that 
the oxygen vacancies are located in the basal plane of the CuOs octahedra The 
mixed valence character of copper in these oxides, and their ability to intercalate 
oxygen make that they exhibit a j2-type conductivity ranging from a semi-conductive 
to a metallic character 

Oxygen-Defect Perovskites and Related Structures involving Copper m Square Planar 
Coordinatwn'-^^-^ 

The ability of copper to take two oxidation states Cu Il-Cu III and several 
coordinations—octahedral, pyramidal, square planar—makes that mixed valence 
oxygen-deficient perovskites or related structures can be isolated for copper oxides, 
in which copper exhibits the square planar coordination. The oxygen defect perovs¬ 
kite LasBasCucOH+s and the isostructural oxides Ba3La3_*Lna!Cu60i4+5 (Ln = 
Pr, Nd, Sm, Eu, Gd, Yb, Er, Y), and the oxides ^CuOa (A — Ca, Sr), A 2 Cn 03 
and CaCu203 derived from the perovskite are the mam examples of this particular 
behaviour of copper 

The structure of the reduced from LasBasCusOM (Fig 34 ) can be deduced from 
the one of stoichiometric perovskite by creation of oxygen vacancies in the SrO-type 
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O Ox •A • Cu 

Fig 33 The oxygen deficient intergrowths AO [AM 03 ^ie]„ (a) The oxide La^SrCUiO, (n = 2) and 
(b) the oxides La 2 _j,^a,Cu 4 _a,/ 8 ^s (m = 1) 

planes in an ordered way It results that the sequence (^ 0 -Cu 02 ) along a in the 
cubic perovskite is replaced by the sequence CU 2 O 4 -/ 42 O Q-Az □ 2 -CU 2 O 4 - 
A 2 O □ in LasBasCusOii. In this structure, copper exhibits simulaneously three 
sorts of coordinations octahedral, pyramidal and square planar The remarkable 
feature of this structure concerns the great oxygen defect with respect to perovskite ■ 
more than 22 per cent of the anionic sites are unoccupied, m spite of the presence 
of notable amount of Cu(ni) This explains the intercalation properties of this 
oxides which can intercalate oxygen, without changing its structure The oxide 
La3Ba3Cu60i4-f.s, like the other mixed valence copper oxides described here, is a 
j7-type conductor whose conductivity increases drastically as the amount of inter¬ 
calated oxygen increases 

The structure of the oxides AaCuOa (Fig 35a) can be generated from the first 
member of the intergrowth A0(AM03)n, 1 e “^ 2 Cu 04 ”, by elimination of one 
“plane” of oxygen atoms out of two in the perovskite slab, whereas the SrO-type 
slabs remain untouched (Fig 35b) This creation of oxygen vacancies leads to the 
formation of (CuOa) planes built up from corner-sharing square planar CUO 4 groups. 
Moreover the (CUO 2 ) planes are brought closer together, involving a contraction of 
the AO layers (the b parameter perpendicular to the plane of the projection changes 
from 3 9A to 3 5 A). It must be pointed out that, no intergrowth between SraCuOa 
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Fig 34 The oxygen deficient perovskite y. 


and A 2 CUO 4 oxides has been observed in spite of the existence of a bidimensional 
accord along ( 010 )k 2 nif 4 between the two structures. 

The structural filiation of the oxygen deficient perovskites can be cai ned on by 
comparing the structure of SrCu02 and SrCuo 75N10 2')02(l'ig 36 ^) with that of StaCuOa 
(Fig 35a) This structure' consists also of SrO-type slabs and slabs of CuO^ groups. 
It exhibits also a bidimensional accord with the Sr^CuOi structure (sec Tig 35a!’'’® plane) 
but it differs from it by the fact that the CuOi groups share tiieir edges The relation¬ 
ship between the two structures can be understood by considering that Sr 2 CuOj is 
the first member of the hypothetical series ^0[Cu0..jn obtained by creation of 
oxygen vacancies m the intergrowth/fO[CuO.{]n The ciystallographic shearing of 
the(Cu02)3 slab of the second hypothetical member SrOi'iJu02]‘2 (Fig 36b) leads to the 
SrCu 03 -type structure Thus, SrCu02 can be desci ibed as a structure derived from 
the mtergrowth of sodium chloride type-ReOa type AO (Cl by an ordered crea¬ 

tion of rows of oxygen atoms in the ReOrtype slab followed by a crystallographic 
shear operation in this slab 

The oxide CaCuaOa (Fig 37) exhibits also a simihaiity with SraCuOj and 
SrCu02 as shown by the presence of layers of CuOa groups However, it 
differs from the other two structures by the absence of SrO-type slabs One observes 
CU2O3 planes built up from distorted square planar groups Cu04, sharing sometimes 
their corners like in Sr 2 Cu 03 , and sometimes their edges like in SrCu02 In fact 

































ReOg-TYPE FRAMEWORK FOR BUILDING OXIDE STRUCTURES 


95 



#Cu Oox •sr Q Potential vacancy 

Fio 35 The structure of SraCuOj (a) can be deduced from the KjNiFi-type structure (&) by 
elimination of one of oxygen atoms out of two (□) parallel to (010)K2Nti4 

this Structure is closely related to the WnOm-j shear structures characterized by one 
sort of {001} eSP Its layers Cu’Oa can be deduced from the hypothetical member 
m = 2 (“W 2 O 5 ”) (Fig 38a) by suppression of the oxygen atoms located on both 
sides of the CuOi basal plane of the octahedra (Fig 386), and then by bringing the 
CU 2 O; layers closer together The calcium ions aie inserted in the octahedral cavi¬ 
ties formed by the CuOi groups 


Other Oxygen-Defect Pcrovskites^'^^^~^^^ 

Other oxygen-defect peiovskitcs have been isolated, whose structure is not 
completely determined to our knowledge besides oxides such as SrTi 02.5 and 
SrVOa 5, the oxides LanNinOsn-i seem to be very promising. 
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Fio 36 The structure of SrCuOa (a) and the hypothetical structure of the member n = 2 of the 
hypothetical senes A0(Cu02)„. (b) The arrows correspond to the direction of the shearing 

Conclusion 

The ReOs-type structure can be considered as a very important precursor m the 
generation of new structural families New structures can indeed be generated from 
this very simple and flexible framework in different manners deformation of the 
framework by compression without major distortion of the octahedra, shearing 
phenomena, ordered formation of anionic vacancies, intergrowth resulting from a 
bidimensional accord with other structures, adaptability to other polyhedra and 
especially to tetrahedra From this structural affiliation it appears that the ReOa- 
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Frof38 The transformation of the “WjOs” shear structure (a) into the “CujOa" layers (b) by 
ordered elimination of oxygen atoms 
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type framework is closely related to the structure of different oxides such as the MO 
oxides with rock-salt structure, anatase and ^-cristoballite 

It IS also clear that the octahedral “M 4 O 20 ” limits can be considered as funda¬ 
mental structural units which can participate to the edification of numerous structures 
of oxides Perovskite columns built up from such “Af402o” units can indeed be 
recognized in many oxides which have not been described here, such as molybdenum 
and tungsten oxides with a tunnel structure, VoOis, Na^TiOs bronzes, BaTiaOs and 
so on 

It must finally be emphasized that another aspect of this structure has not 
been analyzed here its relationship with the close-packed oxides. The considera¬ 
tion of the ReOHype structure along the {111} direction of the cubic cell and the 
insertion in the lattice of a ^ cation with the same size as that of oxygen (A = 
Ba®+, K’-) leads to a description of the structure in terms of an ABC close-packing 
of AO3 layers, which form octahedral sites where the M ions of the ^MOj perovs 
kite are located. Many cation deficient “perovskites” correspond to 

this description : they are characterized by a regular stacking of AOi layers and the 
M cations and vacancies exhibit generally an ordered distribution in the octahedral 
sites, involving often the presence of face-sharing octahedra, and a hexagonal 
symmetry of superstructures. In the same way several hexagonal perovskites such 
as BaMOa-* (M — Mo, Fe, Co) exhibit oxygen defects with for some of them an 
ordered distribution. All these ‘^close-packed perovskites” are closely related to the 
different close-packings observed for other oxides The study of the relationships 
between these different close-packed structures coveis a wide field which cannot be 
developed here Many oxides derived from the ReOa-type structure exhibit 
interesting electron transport, magnetic, or catalytic properties Thus, it appears 
that the systematic investigation of different systems of oxides, in a predictive manner, 
should allow to isolate new materials with specific properties and to establish a 
correlation between the structure and their properties 
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PROBLEMS OF SOLID STATE CHEMISTRY UNDER 
HIGH PRESSURE CONDITIONS : A PERSPECTIVE 
FOR ELABORATING NEW MATERIALS* 

Paul Hagenmuller and Gerard Demazeau 

Laboratoire de Chimie du Solide du CNRS, 351, cours de la Liberation, 

33405 Talence Cedex, France 

Use of high pressures for preparing either classical materials with a high 
rection speed or novel materials is illustrated by appropriate examples 
involving in particular high oxidation states The technique has also been 
apphed to crystal growth or to phase transformations favoured by lattice 
shrinlcing The importance of high pressure as a physical parameter in 
modern solid state chemistry is emphasized 

Key Words : Solid State Chemistry; Synthesis; Structural Transformations; 

High Pressure; High Oxidation States 

Introduction 

The high pressure technique is quite an efficient tool for preparing new materials 
of weak stability or of metastable character in solid state chemistry. 

During the last few years it has led to a growing number of contributions, 
especially in three areas 

— Synthesis of new materials either for better basic approach of scientific 
problems or for industrial applications 
— Structural transformations 

— In situ evolution of some physical properties under increasing pressure. 

Synthesis of New Materials 

The performances have developed much thanks to utilization of equipments allowing 
higher pressures with better reliability and more safety Figs, 1 and 2 give examples 
of apparatus used either for solid-gas reactions or for solid state synthesis 

The most important features m high pressure synthesis are either of kmetical 
nature or a stabilizing effect 

Kmetical Aspect 

The reactions in high pressure conditions are considerably accelerated as far the 
expected material becomes thermodynamically more stable under pressure 

Such a behaviour is clearly illustsated by the synthesis of the distorted perovskite 
GdFeOa at atmospheric pressure at about 1000 °C, 50 hours are necessary to 
prepare a pure perovskite phase from the stoichiometric mixture of the starting 
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*- Fig 1 Cold gasket gas reaction tube—A : reaction cylinder in refraction 
cylinder in refractory alloy, B • closing path, C: high pressure 
gasket, D air proof crown. 




t Fio 2 Belt-type apparatus used for reactions in sealed tubes (in solid 
state or of gas-solid type) 


binary oxides. At the same temperature under 50kb pressure a much shorter time— 
between 8 and 10 minutes—is sufficient for realizing the same synthesis process ^ 


High Pressure and Theimal Decomposition 

High pressures are also extremely suitable to prevent unstable starting oxides 
from thermal decomposition, when the reaction requires normally high temperatures 
This stabilization effect can be illustrated by the synthesis of the mercury tungsten 
bronzes HgajWOa In spite of the thermal instability of HgO, Hg^WGa bronzes 
have been elaborated under 3kb pressure ^ 

New lead (IV) compounds the preparation of which requires unstable lead 
dioxide such as the LaaPbaO? pyrochlore have been obtained in a similar way * 
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High Pressure and Disproportionation 

High pressure can hinder disproportionation and favour on contrary stabiliza¬ 
tion of intermediate states Let us quote as an example chromium (IV) which is 
unstable in an octahedral site, disproportionating when heated at normal pressure 
into oxidation states III and VI 3Cr(IV)-»-2Cr(III) -f Cr(lV), as oxidation state 
III is favored in an 0% surrounding by configuration and os VI by strong 

covalency within the CrO^ tetrahedron. Nevertheless, under oxygen pressure 

chromium dioxide can be prepared either by hydrothermal reduction'* of CrOs or 
by oxidation® of CraOa Due to its ferromagnetic properties CrOs is as acicular 
tiny particles a good magnetic taperecording material.® 

High Pressure and Negative Variation of Unit Cell Volume 

The preparation under pressure of rare earth monoxides has been investigated 
by Leger et al ’ 

The Gibbs free energy AG corresponding to the synthesis Ln -f Ln 203 -»> 3 Ln 0 
(Ln: rare earth) is positive at ordinary pressure for most rare earths, but 
negative for europium (this value explains why only EuO is stable in normal pressure 
conditions) 

Under high pressure, resulting from a negative value of the unit cell volume 
AV ,a PAV term can compensate the initial positive value of AG as far pressure is 
high enough Such a phenomenon favours the synthesis of new rare-earth monoxides, 
e g. SmO between 15 and 60kb pressure 

High Pressure and Stabilization of Materials with Intermediate Properties 

In preventing from certain lattice instabilities, high pressures are able to 
stabilize materials intermediate between those described by classical models. 



Fig 3 plot of against transfer integral ba for « = 1 (8) 
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Let us quote the LnNiOs perovskites prepared under high oxygen pressure with 
properties ranging between those of insulating and metallic metarials, a situation 
nature likes to by-pass m the absence of an appropriate driving force. 

The localization of the eg electron of low spin nickel (III) depends on the 
covalency of the (Ni—O) a bond as already shown by Goodcnough from its 
{be, Tn) diagram (^Fig 3) 

LaNiO' can already be prepared at atmospheric pressure with a small rhombo- 
hedral distortion.® Due to large size of La®^ the overlapping of the nickel(III) 
<j-orbitals with the p orbitals of oxygen is nearly forming a 180° angle {be > bm 
in Goodenough’s diagram) and LaNiOa is metallic with a Pauli type para¬ 
magnetism 

For the other LnNiOa perovskites high pressure is necressary to synthesize the 
stoichiometric oxides ® Due to smaller size of the rare earth the distortion of the 
unit cell increases and the Ni—O— Ni angle decreases from 180 °C, all the more as 
Ln®+ IS shrinking. Weaker orbital overlapping leads to disappearing metallic 
character The lower covalency of the (Ni— 0)e bonds accounts for the use of 
high pressures for the elaboration of the materials, which are no more thermo¬ 
dynamically stable under ordinary pressure. Table I illustrates the evolution of the 
Ni—O—Ni angles with the rare earth considered 


Table I 

Ni — O — Ni angles in the LnNiOg oxides of perovskite or perovskite derived GdFeOg 

structure (Ln rare earth) 



Along z-axis 

In the xy plane 

NdNiOa 

159 r 

159 5“ 

SmNiOj 

152 8 

153 5 

EuNiOj 

149 7 

150 3 

GdNiO^ 

147 4 

148 5 

DyNiOi 

145 2 

147 2 

YNiO, 

142 9 

145 4 

ErNiOj 

142 1 

145 4 

TmNiOi 

142 4 

145 2 

YbNiOj 

141 3 

144 7 

LulNiOj 

140 2 

143 5 


As shown in Fig 4 the variation of reciprocal magnetic susceptibihty vs tempe¬ 
rature for YNiOs and LuNiOj (where the rare earths are diamagnetic) is consistent 
with a certain degree of electronic localization {bo < be < bm) The slope is 
smaller nevertheless than that which would correspond to a perfect localization 

{be < be), a feature consistent with absence of a Jahn-Teller distortion in the 
lattice. 



Fio 5 Suggested magnetic couplings for YN 1 O 3 and LuNiOa 


In fact m YN1O3 and LuNiOa a uniform distribution of the eg electron 
around Ni^^ appears, but without real delocaUzation m the whole lattice like m 
LaNiOaCFig 5). 
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Attempts to synthesize at atmospheric pressure materials intermediate between 
insulators and Pauli paramagnetic behaviour lead mostly to disproportionation into 
two phases with respective insulating and metalhc character 

High Pressure and Stabilization of High Oxidation States 

The preparation of unusual oxidation states of transition elements depends on 
the posibility of stabilizing the corresponding electronic configurations. 

Using sppropnate structural and chemical bonding factors, high oxygen pressure 
synthesis can lead to unusual high oxidation states. 

This possibility is illustrated in a spectacular way by the stabilization of 
six-coordinated iron (V) which has been obtained lecently for the fist time in 
an oxide. Fe(V) had only been reported so far in oxides as traces or in tetrahedral 
coordination 

With a electronic configuration in an octahedral site, iron (V) has an 

isotropic electronic distribution (^23 ground term). Such an electronic configura¬ 
tion may fit very well with a site of Oa symmetry. But the high ionization 
potential of iron (V) requires a covalency of the Fe—O bonds strong enough to 
stabilize the t^^e^ configuration. 

Synthesis of an oxide containing Iron (V) is only possible under high oxygen 
pressure Therefore, we had to select a structure able to be very stable under 
such conditions. The most convenient one, having both high stability and an Oh 
symmetry site, appeared to be the perovskite structure 

To enhance the covalency of the Fe—O bond it was brought in competition with 
6 weak Li—O bonds surrounding each FeOs octahedron (Fig 6 ) 


o 



Fig 6 Formation of a FeOg octahedron with iron (V) in LajLiFeOo 
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According to this prediction the LasLiFeOe phase has been recently prepared 
under high oxygen pressure (70kb) Lanthanum was selected by reasons of size 
and charge The thermal decomposition in situ of unstable KCIO3 was used as 
an oxygen source in the sealed reaction tube After quenching KCl was quickly 
leached out with water 

The new material has been characterized chemically and physically, m particular 
by magnetic measurements (Fig 7) and Mossbauer spectroscopy (Fig. 8). 

If we compare the various chemical shifts observed by the latter technique for 
iron in various oxidation states, the strongly negative value obtained appears 
to characterize both oxidation state V and strong covalency of Fe—O bonding. 

ESR measurements have also shown an excellent agreement between the 
observed g-value m LaaLiFeOe (g si 2 0135) and the experimental one claimed 


Fig 7 



Reciprocal molar susceptibility of LajLiFeOg vs temperature characterizing formation 
of Iron (V) 



ABSORPTION (») 


Fig 


Fig 9 ESR spectrum of LaiLiFeOj at 293 K 



before by Muller et al (g ^ 2 0131) for SrTiOa containing traces of Fe(V) as 
substitutional defects’^® (Fig 9). 
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Let US mention that homologous LasLiRuOs and La2Li0s08 perovskites 
have been prepared even at ordinary pressure thanks to higher crystal field of ruthe¬ 
nium (V) and osmium (V) which are respectively 4d and 5d ions. 

Higa oxygen pressures are obviously the best way for stabilizing unusual high 
oxidation states of transition elements, in particular 3J-elements (e g Fe(IV), Fe(V), 
Co(IV), Ni(III), Cu(ni) The most appropriate structures for obtaining given 
electronic configurations, for instance HS iron (IV) or LS nickel (III), can be predict¬ 
ed on hand of relatively simple models and effectively set up 

High pressure fluorine leads in an analogous way to high oxidation state 
fluorides, e g. CssNiFe, CszCuFe or Cs 4 GaAgFig 

High Pressure and Elaboration of Defect-Free Entities 

The use of fluids m supercritical conditions under high pressure allows elabo¬ 
rating almost defect-free single crystals either for basic research or even for industrial 
applications. A similar technique can be used for preparing tiny grains as a first 
step in ceramic formation processes Absence of differences in superficial tensions 
avoids formation of microcracks and enhances strongly the mechanical properties of 
the ceramics 

As an example large size high quality single crystals of quartz can be easily 
prepared at 400 °C under 1.5kb pressure using polycristalline quartz as starting 
material and an alkaline solution as transport fluid.^'^ 

Structural Transformations under Pressure 

High pressure increases the density of the materials and as a consequence decreases 
the interatomic distances Hence, the steric or electrostatic interactions are enhanced 
The materials evolve so as to minimize such effects 

High pressure structural transformations are quite important in connection with 
explanation of geological processes as well as applications (e.g thegraphite->-diamant 
or boron nitride->bordzon transformations) 

In first approximation two types of transitions may be observed 

(A) those without increase in coordination number 

(5) those with increasing coordination 

Without Increasing CN 

The first transformation type can be illustrated by some significant examples : 

— Structural transformation of the hexagonal perovskites. 

— Structural transfoimation of the LiaMFe ffuorides 

For the perovskites, the structural distortion depends closely on the Goldschmidt 
structural factor t For t — I cubic symmetry is observed When 1 > 1 hexagonal 
or rhombohedral varieties appear. For the largest /-values all layers have a he 
type-packing, all BXe octahedra share faces with each other to form chains parallel 
to the c-axis (2H structure) 
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On the other hand, if the packing is of <^c-type, the octahedra form a three 
dimensional network sharing only comers and resulting in the well-known cubic 
perovskite structure (t = 1). 

For intermediate r-values stackings having alternately he and cfc-packed layers 
can exist (Fig. 10). 

Under pressure, owing to the short catiomc distances across the common faces 
of the octahedra and hence to strong electrostatic repulsion between the concerned 
M cations, an evolution from face sharing to corner sharing octahedra is observed : 
the number of blocks with face sharing octahedra decreases in the lattice : 2H 
9H 4H -»■ 6H 3C structural transformations can be observed.^® 

Some of the intermediate phases may show ferromagnetic behavior as far 
appropriate magnetic cations occupy two different sites (for instance m 6H-type 
RbFeFa). 

Many other examples illustrate transformations without change of the coordi¬ 
nation number, but with reduced cationic repulsion due to structural shifts: 

e g. (rutile) A^B'^^Oi (a—PbOa) 

For the LiaMFe fluorides^® three structural types occur and the transformation 
from each other results from a modification of the positions of the cations in the he 
lattice of the fluoride ions. The increase in the size of the ion as well as 
increasing pressure leads to stronger electrostatic repulsion. As a consequence 
decrease in the number of edges shared by the (MFe) and (LiFs) octahedra is 
observed. 

As illustrated by Fig 11 transformations type I type II ->■ type III may be 
successively observed according to this rule. The number of common edges is 
successively 3, 2 and 0 



Fig 10 Structural evolution vj pressure for some ABXs polytypes—Increasing pressure gives rise 
to shift from left to right 
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Fjo 11 Structural evolution vs pressure for the LijMFj fluorides (from type I to type III) 





With Increasing CN 

The examples of transformations under high pressure with increase in CN are 
numerous Higher coordination increases the compactness of the lattice and is 
indeed favoured by pressure 

The phase transition recently observed for PdFi under pressure is a good 
dlustration of this phenomenon. A large number of compounds with MXs general 
formulation derive from three main structural types. quartz, ratile and fluorite 
Tliey are characterized by the respective coordination number of cations and 
amons • 
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IV-II for quartz4ype 
VI-III for rutile-type 
VIII-IV for fluorite-type 

Concerning the d elements, if we consider the whole set of so far known MX 2 
oxides and fluorides only ZrOs and HfOz show at atmospheric pressure a structure 
derived from the fluonte-type 

The comparative stability of the rutile and fluonte-type structures depends 
primarily on the ratio of the cation/amon radii For relatively small values of this 
ratio MXa compounds cristallize with the rutile structure and for the largest ones 
the stable form observed should be the fluonte-type. It is almost the case for the 
ZrOa and HfOa oxides, of baddeleyite type at low temperature (a structure actually 
close to that of CaF 2 ) and of fluonte-type at high temperature 

Among the d element difluorides PdFa with rutile structure shows the highest 
ru^*lrr- ratio and appears to be the most favorable compound to be investigated 
under high pressure conditions 

Tressaud et ratio have recently obtained a cubic high pressure form of 
PdFa, quenchable to room conditions The anionic environment of palladium 
2 -f derives from that of the fluonte-type by a rhombohedral distortion of the 
fluorine cubes (Fig 12) 





Fig 12 Structure of H P PdF^ projection on a (OOl) plane of the anionic environment of Pd 
atoms at z = 0 5 
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Fio 13 Variation of the logarithm of the resistivity with pressure at room temperatureJfor 
Eu!±j, Nd®+Nj,Oi_^ {X = 0.05 and ;»: = 0 18) 


1*3 0 
-3 



cm '*) 



Fig 14 Variation of the logarithm of the conductivity with pressure at 300 K for PbSnFi 
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Evolution of Some Physical Properties Under Pressure 

Many physical properties have been investigated under high pressure conditions, e.g. • 

— electronic conductivity 

— ionic conductivity 

— ferroelectric behaviour 

They are all very sensitive to the cation-cation or anion-anion distances 

The most famous result is the metallic behavior of solid hydrogen under very 
high pressure claimed by Vereshagin 

For EuO the promotion of a electron into a 5d state due to broadening 
of the 5d band occurs at 300kb, leading to a non metal => metal transition.*® 

The same phenomenon has been observed recently at lower pressure for rare 
earth oxynitrides EuJ+^Ln^+NaOi-* “ The introduction of 4f electrons into the 5d 

type-conduction band is all the more easy as x is higher due to stronger covalency 
and 5d band broadening (Fig 13). 

For mobile ions in supenonic conductors shrinking of the opening windows 
m the structural pathways with increasing pressure induces for most materials reduced 
ionic conductivity. Such a phenomenon has been observed recently for PbSnF*, the 
best so far known anionic conductor®^ (Fig. 14). 

Conclusion 

High pressure technique appears to be quite an efficient tool in solid state chemistry, 
not only for new fundamental investigations (new elaboration methods, structural 
transitions, semiconductor-metal transitions), but also in the development of novel 
materials or m the improvement of worthwhile properties Owing to the fact that 
90 per cent of the materials m the earth exist under pressures much higher than lOOkb, 
high pressure is obviously also an important crossroad between different scientific 
areas and a factor of human progress. 
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After an introductory survey of the unusual physical properties associated 
with low-dimensional lattices recent developments m the study of low-dimen- 
sional inorganic compounds with near-neighbour ferromagnetic exchange 
interactions are reviewed with special reference to work on magnetic structures 
and phase transitions carried out by the Oxford group The structural circum¬ 
stance leading to ferromagnetism through superexchange are noted, and bulk 
magnetic and neutron scattering experiments on each category are surveyed. 

Canted and incommensurate magnetic structures are described Studies of 
the mechanism of the transition to long range order are summarized 

Key Words: Low Dimensional Compounds; Ferromagnetic Compounds; Inco¬ 
mmensurate Structures; Magnetic Interactions 

Introduction 

One of the most important and influential developments in solid state chemistry in 
the last ren years has been the identification and study of compounds in which 
the major interactions between the constituent ions or molecules take place in fewer 
than three dimensions. Thanks to the ingenuity of organic and inorganic chemists, 
compounds have been made with properties that challenge theory, like one- 
dimensional metals, or with combinations of properties not previously found in 
association with one another, like ferromagnetism and optical transparency or 
superconductivity in molecular crystals Some of the special properties associated 
with low dimensionality are displayed in Table I Of course, low-dimensional 
materials like micas or graphite have been known for many >ears and hundreds, if 
not thousands of solids contain layers or chains of closely spaced atoms or ions 
However, the adjective ‘low-dimensional’ has come into use principally to describe 
physical properties that arise from the collective behaviour of electrons on 
lattices confined to one, or to two orthogonal axes Two simple examples will 
illustrate the point 

In 1955, Peierls^ pointed out that a one-dimensional electron gas is inherently 
unstable with respect to any lattice distortion with periodicity 1 /2 ki equivalent 
to the wave-vector kh- at its Fermi Surface This occuis because the 
energy of the occupied electron energy levels is lowered, and that of the 
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Table I 


Some properties of low dimensional compounds 


Property 

Chain 

Example Layer 

Structures 

Intercalation 

(SN)*-Br, 

TaSj + amines or organometallics 

NiPS, 

FeOCl 

Molecular composites 


O 0 ^CH*NH3),MNa4 

(gly-diac-gly) CdCfi 

Phase transitions 
m organic groups 

((CH,) 4 N)MnCI, 

(CH,NH3),CdCU 

Magnetism 

Low dimensional 
magnetism 

CsNiF, 

Mn stearate 

Metmagnetism 

Co (pyridine)8 Cl* 

FeQs 

Transition to 

AFeO, 


long range order 

(A = K, Rb, Tl. Cs) 

(M = Cr, Cu) 

Conductivity 

Molecular metals 

Ni (porphynn) I 

Graphite and BN salts 

Peierls instability 

KsPt(CN)4Bro ,o3HsO 

— 

Charge density wave 

NbSes 

NbS, 

Superconductivity 

(SN)* 

Hgj 8«AsFg 

TaS, 


unoccupied ones raised, when the lattice periodicity is increased from a ajut, where 
rit IS the fractional band filling (or average number of valence electrons per atom 
in the tight-binding approximation), A gap in the energy spectrum then opens at 
fcp and the lattice undergoes a transformation from metallic to semi conducting 
The Peierls theorem is only exact in one dimension because the requirement of a 
unique kp value is only satisfied under those conditions Consequently, a search 
began m the 1970’s for one-dimensional metals Coordination chemistry provides 
some of the clearest examples, the mixed valency Pt chain compounds such as 
KCP (K 2 Pt(CN) 4 Bro goSHaO), and the predictions of Peierls were verified in detail ^ 

A second example is one-dimensional magnetism. It can be shown quite 
easily that a chain of localized moments interacting via near-neighbour ferro-or 
antiferromagnetic Ising exchange cannot exhibit infinite range order at any 
temperature above absolute zero, and hence, has no phase transition from an 
ordered to a disordered state This is because the enthalpy required to reverse 
one spin in the otherwise completely ordered lattice is outweighed by the entropy 
gain arising from the fact that the spin reversal can take place at any site with 
equal probability. As I shall describe later in this article, the argument is 
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more subtle for other interaction Hamiltonians and higher dimensionality 
because, for example, ‘domains’ of reversed spins within three-dimensional lattice 
can have a wide veriety of shapes, and hence domain boundary energies. Surpri¬ 
singly good approximations to one-dimensional ferro- and antiferromagnets exist, 
the most widely studied being those with structures related to the hexagonal 
perovskite lattice, e g. CsNiFg and N(CH 3 ) 4 MnCl 3 In the latter, the mean field 
transition temperature estimated from the measured near-neighbour exchange 
constant is 90 K while the Neel temperature is only 0 83 K. The optical 
spectra also reveal the dominant role of shor range order, even down to very low 
temeratures ® 

To engineer interaction pathways confined to one or two dimensions alone, 
one frequently has to construct chemically quite elaborate structures, as Table I 
shows Quite unusual opportunities for new kinds of physical behaviour then arise. 
For example, the role of molecular hbrational modes in the electron-phonon 
coupling responsible for the superconductivity of charge transfer salts is quite 
unknown. Low dimensionality also provides a structural mechanism for combin¬ 
ing inorganic continuous lattices with organic molecular ones Thus an inorganic 
layer may have organic molecules bond to it lonically, covalently or by metal-ligand 
coordination to make what we have called a ‘molecular composite’ ^ The potential 
therefore exists to combine within the same crystal properties characteristic of 
the inorganic solid state, such as cooperative magnetism, and those more familiar 
from organic molecular solids like mesomorphism or topochemically steered solid 
state polymerization 

Both in the matter of finding paradigm examples of soluble physical models, 
and m synthesising new compounds with unlocked for properties, there has been 
intense world-wide activity for number of years Reviews may be found in Miller 
(1982) and Gillespie and Day (1985)®’® In this brief article, it will not be possi¬ 
ble to give more than a selective summary of that part of our own recent work on 
low-dimensional solids concerning magnetic interactions, to illustrate the richness 
of phenomena being uncovered 

Low-dimensional Ferromagnets 

Ferromagnetic near neighbour exchange is quite rare in insulators, and usually is 
found only when the topology of the lattice forces a cancellation of competing 
antiferromagnetic exchange pathways This is more likely to be the case in low- 
dimensional lattices because there is then a smaller number of equivalent ‘bonds’ 
between neighbours, and a smaller number of effective second and third near 
neighbours There are two types of cation-anion-cation pathway which give rise 
to ferromagnetic exchange by the conventional super-exchange mechanism, and we 
have studied numerous examples of each 

Within a basic dimeiic unit the requirement that unpaired spins on the two 
metal ions should align ferromagnetically is achieved if they occupy orthogonal 
orbitals Given that metal-ligand covalency is not negligible, the necessary 
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orthogonality can be assured in principle in either of two ways ^ The first requires 
that the cation orbitals containing the unpaired spins overlap orthogonal orbitals 
on the bridging ligand, and the second that spin density is delocalized from 
one cation through an intervening anion orbital to an unoccupied orbital on the 
other cation The latter unoccupied orbital is necessarily orthogonal to the other 
orbitals of the i/-subshell that contain the remaining unpaired electrons. For 
the case of d-orbitals overlapping ligand p-orbitals these two situations are shown m 
Fig. 1 

To engineer orthogonality between two J-orbitals of identical point symmetry 
on neigbourmg lattice sites, of the kind shown in Fig \(b), the principal axes 
of the ligand fields around the two sites must themselves be orthogonal This is 
realized most effectively through the mechanism of a cooperative Jahn-Teller 
distortion, the 3d* and high spin 3d^ configurations being the ones most subject 
to such distortion K 2 CUF 4 was the first example of a crystal which become ferro¬ 
magnetic by this mechanism {Tc 6.4K) ® Based on the K 2 N 1 F 4 structure, alternate 
corner-sharing octahedra are elongated along [ 100 ] and [ 010 ], ensuring that the 
half filled x*—y^ on one site is orthogonal to x^—y* on each of its neighbours. Our 
own work has concerned the corresponding Cr(II) compounds where A ~ 

Rb, Cs, jRNHg and X = Cl, Br, I.® Here the problem is more complicated because 
the unpaired electron m the eg^On) subset occupies z® in an elongated Di}, site, and 
the three other electrons of the 3d*^ configuration occupy xz, yz, xy The z* 
orbital on site a (Fig 2) overlaps with a pa orbital on the bridging halide ion, which 
in turn overlaps x^—y^ on site b 



Fig 1 Two ways of achieving orthogonality between if-orbitals on adjacent metal ions (a) Ortho¬ 
gonal orbitals on the bridging anion, (b) orthogonal J-orbitals 
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Fro 2 Superexchange pathway in A^CxX^ salts 
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Repulsion between the four unpaired electrons on site b and the spin density in 
x^—y^ transferred from site a is minimized if they are all parallel, hence the exchange 
constant Jab is again positive. 

To test this orbital ordering model we have performed single crystal polaris¬ 
ed neutron diffraction measurements on RbgCrCl* at 4 5 K Magnetic structure 
factors Fm were derived from the flipping ratios of 660 main structure 
reflections, whose intensity is derived mainly from the Cr®+ and Rb+ sites and 57 
•superlattice’ reflections, whose intensity derives from the displacement of the 
basal plane Cr ions by the cooperative Jahn-Teller distortion. The Fm were 
modelled by representing the magnetization density as a superposition of 
densities from 3d and 45 ’-orbitals on Cr®+ and 3^ and 3p centred on Cl“. As 
well as allowing the total 3 d and 4^ moments on Cr^+ to vary in the least 
squares refinement, the proportion of the the 3 d moment residing in each of five 
orbitals was also refined with the following result yz 0 26(2), xz 0 25(2), xy 0.25, 
0.25(2) and 0.01(2). Thus the orbital ordering model is completely vindi¬ 

cated. In addition to the moment localized on the Cr®"^ (Z.IS/xb in 3d and 0 6fiB 
in 45 ) a small spin transfer to the Cl“ was also detected, amounting to 006^^ on 
on those lying in the basal plane and 0 OShb on those in the axial sites. 

The ground state in the A^CrX^ compounds has S — 2, instead of S' = O for 
K 2 CUF 4 , and J is somewhat larger because of increased metal-ligand covalency, 
which arises partly from the heavier halogen and partly from the larger radial 
extension of the 3 d-orbitals nearer the beginning of the d-block. Consequently Te 
IS increased to the region of 50 K Wide chemical variation is possible within the 
AjiCrX^ series, and representative values of J and Tc are shown in Table II. One 
of the most significant variations is in the interlayer separation, tuned by the 
organic sidechain R in i?NH 3 +, and these are also listed in Table II Below, we 
shall discuss the nature of the phase transition in these two-dimensional lattices. 

Table II 


Exchange parameters. Curie temperatures and inter-layer spacings m two-dimensional 
ferromagnetic tetrachlorochromate {II) salts 



JIK 

TJK 

Interlayer spacing 

Rb,CrCl4 

14 4 

52 4 

7 88 

RbjCrCIsBr 

— 

55 0 

8 03 

Rb,CrCl,Br, 

— 

57 0 

8 19 

Rb.CrClJj 

— 

61 

8 68 

(CH3NH,),CrCl4 

130 

42 0 

944 

(CHaCHjNHjIaCrCl, 

10 1 

41 0 

10 71 

(CHi(CH,)2NH,),CrCl4 

93 

39 5 

12 35 

(CeHsCHjNHOiCrCh 

106 

37 0 

15 71 

(CH3(CH,)4NH,)CrCl4 

93 

— 

17 81 

(H3N(CH4)3NH04CrCl4 

10 6 

— 

— 

(CHaCCHOuNHsl^CrCh 

96 

— 

31 0 
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The second mechanism for achieving near-neighbour ferromagnetic exchange 
m Fig 1 requires a cation-anion-cation bridging angle in the region of 90'’. The 
best approximations to such a situation in low-dimensional continuous lattice 
compounds are found in two major classes of compound, the one-dimensional 
hexagonal perovskites JBXs and the layer salts with CdCl 2 or Cdia structures In 
aU the halides MX^ (M = Fe, Co, Ni, X = Cl, Br, I) J is ferromagnetic, though the 
much weaker interlayer exchange /' is antiferroraagnetic, so the three-dimensional 
magnetic structure is of the metamagnetic type The octahedral BX^ unit in ABX^ 
share opposite faces, so the B-B distance is quite small and direct exchange, 
rather than superexchage is sometimes more important. Neveitheless, positive J 
IS found in compounds with B = ¥q and Ni though the sensitivity of the ordering 
mechanism may be judged from Table III, which indicates the sign of J in ABX^ 
(B = Fe, Ni) as a function of A and X 

Table HI 


Sign of the nearest neighbour exchange constant in hexagonal perovskites ABX^ (B = Fe, Ni) 




Fe 


m 


x = 

Cl 

Br 

F 

Cl 

Br 

= K 

+ 

— 


— 


Rb 

-1- 

— 



— 

Cs 

+ 


-h 

— 

— 

N(CH3)4 



• 

+ 



Competition between direct exchange, and competing 90° and 180° B-X-B 
superexchange in these compounds is demonstrated quite neatly by examining the 
effect of hydrostatic pressure on the magnetic order. Thus in RbFeClg with a Fe-Cl- 
Fe angle of 74 6 ° J is ferromagnetic while in RbFeBrg, where it is 72 4’ J is antifer- 
romagnetic. Applying a hydrostatic pressure of 5Kbar to the former reduces the Fe- 
Cl-Fe angle below the corresponding angle in the bromide, yet J remains ferromag¬ 
netic and TV increases from 2 5 to 6 5 K because anti-ferromagnetic interchain 
coupling increases 

Competing Interactions Canted and Incommensurate Structures 

Nature rarely provides compounds in which a near-neighbour ferromagnetic 
exchange is the only interaction bringing about long range order In practice, 
single ion anisotropy, dipolar interaction between chains or layers ordered spins, 
and exchange between more remote ions may all contribute to complicate the situa¬ 
tion and introduce unusual types or order In this section, a few examples from the 
work of our group on low-dimensional ferromagnets will be summarized 

As already noted, the single ion ground state in the ^jCrA '4 ferromagnet is a 
quintet (^Ag in the crystal field) Therefore, in contrast to KjCuF 4 , single ion 
anisotropy must be included in the hamiltonian The principle axes of the g-tensors 
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on neighbouring sites are orthogonal because of the cooperative Jahn-Teller distor¬ 
tion and so also are the planar anisotropy terms. In the absence of exchange 
alternate Cr®+ moments would be directed along [100] and [010] of the parent 
K 2 NiF 4 -type cell. The ferromagnetic near-neighbour exchange rotates the moments 
towards the easy [110] direction but competition with the single ion anisotropy 
ensures that the moments retain a small 3®) canting alternately to one side and 
the other of this axis (Fig. 3) The canting reveals itself by the presence of very 
weak purely magnetic reflections in the neutron dilfraction,^® and by a small aniso¬ 
tropy gap in the spin-wave density-of-states at the centre of the Brillouin zone, which 
has important consequences for the behaviour of the optical absorption spectrum 
at very low temperatures It also alFects the critical behaviour, described later 

Another form of competition between ferromagnetic exchange and single ion 
anisotropy occurs m the one-dimensional hexagonal perovskites ^FeCla (A — Rb, 
Cr) where the dominant octahedral component of the crystal field gives a single ion 
ground state ®r 2 j. First-order spm-orbit coupling lifts the degeneracy to leave a 
J = 1 level lying lowest, and this is further split by a more minor trigonal crystal 
field component into Mj = 0 and ±1- In contrast to the situation in the two- 
dimensional FeCla, the singlet Ues lower in energy than the doublet. Hence in the 
absence of an exchange field, or an externally applied field, the ground state is non¬ 
magnetic The exchange field due to the near-neighbour ferromagnetic couphng 
induces mixing between the Afy — 0 and ± 1 levels which, if large enough, can 


ao = 5 095 A 



Fig 3 The canted spin structure of Rb^CrCI* 
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lead to a long-range-ordered magnetic ground state As noted above, J depends on 
theFe-Cl-Fe angle, which also determines the singlet-doublet separation. The 
nature of the long range order is therefore extraordinarily sensitive to small changes 
in the structure. For example RbFeCla undergoes a transition to three-dimensional 
order with easy-plane ferromagnetic chains, at 2 55K while CsFeCla has no such 
transition down to 80mK On the other hand order can be induced in the Cs com¬ 
pound by an applied field Thus the magnetic phase diagrams of these two com¬ 
pounds are quite different, as shown diagramatically in Fig 4. 

In a compound containing chains of ferromagnetically ordered spins hkc 
RbFeCla, the ordering between chains is determined by yet another kind of competi¬ 
tion Weak antiferromagnetic coupling alone between chains would lead to a 120'’ 
(triangular) arrangement of spins in the plane perpendicular to the chains, signalled 
by magnetic neutron scattering intensity at (1/3, 1/3, 0) with respect to the 
‘chemical’ unit cell. However, since the chains are ferromagnetic, they act as giant 
dipoles, between which the free energy is minimized if the dipoles are collinear. 
Consequently, on passing Jw = 2 55K, neutron scattering intensity appears first 
at (1/3 + S, 1/3 — S, 0) with B ^ 0 018, then moves to (1/3 — S', 1/3 — S', 0), 
(S' = 0 005) at 2 35K and finally to (1/3,1/3, 0) at 1 9K An example of the 
scattered intensity distribution in the a*b* plane is given in Fig 5{a) For a 
RbFeCla crystal doped with 5 per cent Cs+ and the quite comparable evolution 
of the incommensurate ordering in CsFeCla as a function of applied field in 
Fig. 5(h) « 

Finally, a more classical source of incommensurate magnetic ordering is the com¬ 
petition between first, and more remote, neighbour exchange constants of opposed 
sign. For a two-dimensional triangular lattice Rastelli et al calculated the relative 
stabilities of different spin structures as a function of Jn = Jn/Ji, with the result 
shown in Fig. 6 Clearly, when /i, /a and Js (defined for the CdCh lattice in 
Fig 7) are all positive, as in the top right hand quadrant of Fig 6, the order is 
simply ferro-magnetic (phase I) This is the situation in CoXz (X = Cl, Br, I) 
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Fio 5 Incommensurate magnetic structures of efFeCl. (a) Neutron soattermg proBe around 
(1/3, 1/3, 0) in RbFeds at 2 2K ** 

and N 1 CI 2 . However, exceptionally m NiBr 2 y 3 = — 028 and 72 0, placing it 

within the stability range of a helical phase with propagation vector t along [ 110 ] 
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Fig 5(6) Evolution of neutron scattering intensity at (1/3-S, 1/3-5, Oj m CsFeCla as a 
function of field 


(phase IV, Fig 6) very close to the boundary with phase I Single crystal neutron 
diffraction at 4K, using a multidetector to sample a region of reciprocal space around 
the (0, 0, 3/2) reciprocal lattice point, reveals the resulting incommensurate structure 
With T = 0 027 (Fig Sfa)) Remarkably, substituting NiBra with 9 mole per cent 
Fe"+ causes t to move to [100] (phase III) (Fig 8(Z>)) 



LOW-DIMENSIONAL FERROMAGNETIC COMPOUNDS 


127 



Fig 6 Magnetic phase diagram of a hexagonal planar lattice in the (/*, /a) plane,*' where 
Jn ~ 7'n/<7i. 



An even more remarkable feature of NiBra is that the propagation length, 
measuring the ‘pitch* of the helix, increases continuously with increasing temperature 
until at 23K it has become infinite’® i e the moments are collinear as in Phase I 
The collinear phase then remains stable up to Tn = 44K Again, single crystal 
neutron diffraction provides the evidence for the phenomenon Fig 9 shows the 
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Rg 9 Temperature-dependence of the incommensurate propagation vector t x in Nio mFco oiBr* 

temperature dependence of t, in a NiBra crystal containing 1 mole per cent Fe-+, 
in which T still lies along [110] So far as is known, such behaviour is unique 
among magnetic insulators with localized moments, and at once raises the question 
‘what IS its mechanism*^’ Lattice expansion would be a possible explanation since 
the jn ratios might be modified sufficiently for the system to cross the boundary 
from phase IV to phase I However, this can be ruled out by performing neutron 
diffraction measurements under hydrostatic pressure.^® With increasing pressure t 
decreases, so the decrease in t with increasing temperature cannot be due to an 
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increase m the lattice parameters. We have also measured the dispersion of the 
spin waves in NiBr 2 along [110], [100] and [001] by inelastic neutron scattering at 
4K, when the magnetic structure is helical, and 30K when it is collinear 21 No 
significant variation is found m any of the mtralayer exchange constants, though 
there is a small decrease in the anisotropy constant and the interlayer exchange 
constant. A theoretical explanation of this very unusual phenomenon has recently 
been given by Rastelli and Tassi^^ in terms of magnon-magnon interactions 


The Transition to Long Range Order 

A fundamental question in any low-dimensional magnetic system concerns the 
mechanism of the transition to the long range ordered state As mentioned in the 
Introduction, a one-dimensional array of Ising spins is predicted to have no long 
range order above 0 K and the same is true of a two-dimensional Heisenberg ferro- 
magnet On the other hand the two-dimensional Ising ferromagnet was shown to 
be capable of having a phase transition at finite temperature by Onsager 23 In 
contrast the two-dimensional XY model (1 e of spins constrained within a plane) 
was only teckled theoretically much more recently Kosterlitz and Thouless®^ (KT) 
showed that a phase transition m such a structure could occur at a temperature 
Ttk by the binding of pairs of vortices of spins with opposite chirality. A vortex 
is a system of spins constrained to rotate in the plane of the lattice. An example 
of a Monte Carlo simulation of the equihbnum spin configuration in an XY ferro¬ 
magnet at O.STe IS given m Fig lO,®® where the vortices of rotated spins are enclosed 
by the broken lines For any temperature below Txr the AT theory requires that 
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the susceptibility X remains infinite Therefore, all temperatures less than Tkt are 
critical are critical points and the magnetization should obey the relation. 

hm (M) oc i/i/sin n) 

if-H) 

Although they retain a very small anisotropy within the basal plane the 
compounds are expected to be quite good approximations to two-dimensional XY 
ferromagnets Fig 11 shows the magnetization of a single crystal of Rb 2 CrCl 4 
field along the easy [110] direction at temperatures between 6.6 and 79K, 
measured by Faraday magnetometry It can be seen that eq (1) is indeed obeyed 
up to 47K The variation of the exponent S(Tj with temperature is also in accor¬ 
dance with the prediction of the KT theory 

The experimental signature of KT theory at temperatures above T^t is a diver¬ 
gence of X according to the formula 

X(T) = A exp ...(2) 

where t = (T — Tkt)ITkt This should be contrasted with the conventional power 
law theory of critical exponents,from which one would predict 

xr = C(4)-y, . .(3) 

where t = (T — TcMTc. For RbaCrCU we find that the high temperature suscepti¬ 
bility fits eq (2) very well (goodness of fit parameter X| = 9.6) though nearly as 

good a fit can be obtained with eq. (3) (X^ - 13 1) Further verification of the KT 



Fig 11 Magnetization isotherms of RbaCrCh from 6 to SO K.“ 
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theory for RbaCrCU is being sought by neutron scattering in the critical region. 
Monte Carlo simulations of the scattering function S(Q, cS) for a two-dimentional 
XY ferromagnet suggest that the energies of the longest wavelength spin-waves 
should drop sharply to 2 ero at Tc and that a central component should appear in 
the scattering Both features are indeed observed*® but more quantitative analysis 
is needed before we can be sure of their source 

Chemical variation within the A 2 CrXi series makes it possible to examine how 
the critical properties are affected by changes in the inter-layer interactions. 
These may be brought about in two ways : either one can simply change the inter¬ 
layer separation, as m the (RNH 3 ) 2 CrCl 4 series whose magnetic parameters are listed 
in Table II, or one can change the axial halide ions and hence modify the mter-layer 
exchange constant 

Already in RbaCrCh the ratio of intra- to inter-layer exchange constants is 10® so 
increasing the mter-layer separation further must tender the jRNH+ salts even better 

approximations to pure two-dimensional systems The T.’s fall as mter-layer 
spacing increases, but this is due in part to a drop in J The latter is due in turn 
to a small puckering of the Cr-Cl layers as a result of the need to accommodate 
the organic sidechains and the weak hydrogen-bonds formed between the NH^ and 

the axial and equatorial Cl". For example, puckering decreases the Cr-Q-Cr 
angle from 180“ in RbaCrCU to 160“ in (CH 3 NHa) 2 CrCl 4 .®® In Fig. 12, the measured 



1/(interlayer spacing) A*^ 

Fro 12 Curie temperatures of /IsCrCh versus inverse interlayer separation 
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Te are plotted against the reciprocal of the interlayer separation, so that an extra 
polation can be made to infinite separation Tc tends to a fimte value in the region 
of 30K, which represents the transition temperature Tc(2) of a purely two-dimen¬ 
sional tetrachlorochromate(II) ferromagnet It is instructive to compare this 
estimate with the value predicted by the formula given by Stanley and Kaplan 
These authors found that for S' ^ ^ a transition could occur in a two-dimensional 
Heisenberg or XY system at a finite temperature Tc(2) to a state in which X 
diverged but in which there was no long range order. If a small Ising-Uke 
anisotropy existed a transition to a long range ordered state would take place at a 
temperature Tc Te(2) For a number of nearest neighbours z = 4 and S = 2 the 
Stanley-Kaplan formula 

T.(2) ~ (-i) (z - I) [2S(S + I) - 1) .. (4) 

predicts Tc(2) 35K if we take the average of the J in Table 11. 

As a low-dimensional magnetic system approaches the transition to a three- 
dimensionally ordered state from below, one anticipates a change in the spatial (d) 
and spin (n) dimensionality as follows 

d < 3-^d = 3 

n — 3-*n ^ 3 

These changes should manifest themselves in a ‘crossover’ in the critical exponent p 
of the magnetization with increasing temperatures. To measure the zero-field 
(spontaneous) magnetization we use the intensity of magnetic elastic neutron scat¬ 
tering Taking the tetrahalogenochro mates as example in RbzCrCU p changes 
from 023 to 0 33 at 0.8K below while m Rb 2 CrCl 2 Br 2 a similar change takes 
place from 0 26 to 0 41 about 3K below Te The Bi~ in the latter salt occupy 
the axial sites in the K 2 NiF 4 -like structure®^ so one expects the inter-Iayer exchange 
to be stronger than in Rb 2 CrCl 4 . Predicted values of p for three-dimensional Ising 
and Heisenberg models are 0.31 and 0 38 respectively The values of 0.23-0 26 
further below Tc are comparable to those found m other two-dimensional XY systems 
such as CoBr 26 H 20 (p = 0 26y* and K 2 CUF 4 (p = 0 22 ) 

Conclusion 

This account has concentrated on some recent examples from low-dimensional 
magnetism to show some of the richness and subtlety of physical phenomena that 
arise when interactions are confined to layers or chains within a lattice Synthetic 
chemistry has brought to light many beautiful new systems, for example the 
transparent ferromagnets and temperature dependent helices. It has also made 
possible the systematic variation of parameters so that the limits of the abstract 
theoretical models can be probed Moie surprises are undoubtedly m store, for 
the real world of chemistry is always more complicated than the model of theoreti¬ 
cal physics 
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A brief review of the structural features including some new results on the 
accommodation of oxygen non-stoichiometry is presented The electncal 
transport and magnetic properties have been reviewed with the foUowing 
considerations properties of LaaSOj+d (J? == Co, Ni, Cu) and other LnjCuO* 
compounds, comparison of the properties of LaSr50* compounds with 
that of the corresponding LaBOs compounds, influence of percolation 
effects 

Keywords Electrical Transport and Magnetic Properties of Oxides; 

K 2 N 1 F 4 Structure; Perocolation Effects; Three-dimensional 
Perovskites; LajBiO^ Compounds 


Introduction 

halides (A — alkali metal ion, B = M transition metal ion, X — halide ion) 
are well known to serve as magnetic model systems, especially when J is a fluoride 
ion and they have the K2N1F4 structure ^ The ionic nature of the bonding renders 
the SJ-electrons localised so that the magnetic interactions in these systems may be 
described by the Heisenberg Hamiltonian. Moreover, for these halides charge- 
balance constraints impose a formal divalent state on the 5-ion so that the range 
of metal-halogen covalency or transfer integral is restricted In the 2504 oxides®’®’^ 
with the K2N1F4 or related structures some of the constraints on the formal oxida¬ 
tion state of the 5-ion is removed The counter ^-cations may have formal oxida¬ 
tion states between -f- 1 and -f 3 The average oxidation state of the /1-ion 
(typically La®+ and Sr^+) may be varied between -f 2 and + 3 so that the average 
oxidation slate of the 5-ions may be varied between -f 2 and + 4 The 5—0—5 
transfer integral or the J-electron bandwidth may then be varied over a wide range 
so that in the limits we may have localised or itinerant (or nearly itinerant) electrons 
In addition, the absence of close-packing m these systems allows strains to be 
accommodated so that solid solutions not normally accessible in the entire range for 
three-dimensional perovskite oxide systems (suchasLaAli-aNbO^or LaAli-uFesOa) 
may easily be prepared m the layered perovskite oxides (such as LaSiAli_»Nia04 
and LaSrAli. *Fe»04) The oxides with the K 2 NiF 4 or related structure, therefore, 


*Commuincation No 344 from the Solid State and Structural Chemistry Unit, Indian Institute 
of Science, Bangalore 



136 


P GANGULY 


provides unique opportunity not only to serve as model systems for m?cnetic inter¬ 
actions in low dimensions but also as model systems for the study of • . rnce of 
lower dimensionality on the magnetic and electrical transport properties ir — sition- 
metal oxides 

The three-dimensional perovskites ABOa (B = 2)d transition metal ion, = 
La®-*-, Sr^-f- etc) show a range of inteiesting properties The important properties 
from the view-point of this article are the magnetic and electrical transport proper¬ 
ties with special emphasis on the metal-insulator (MI) transitions ® Composition- 
controlled MI transitions in systems such as Lai_ aSr^ifOs {B = Co, Mn, V) are 
well known ’ Recently, the composition-controlled MI transitions in the LaNii_aRa,03 
systems {B = Cr, Mn, Fe, Co) have been studied.® LaNiOa is metallic with a 
room-temperature resistivity 10“® ohm cm and a positive temperature coefficient 
of resistance (TCR) at ah temperatures studied so far (between 4-800 K). The 
LaROa compounds are insulators In all these systems a maximum value of the 
resistivity pmax ('-'2 X 10-® ohm cm) may be defined such that compositions with 
p > Pmax are semi-conducting in the sense that TCR is negative while these with 
p < Pmax are metallic with TCR being positive ® This value of pmax corresponds 
fairly closely to the value of minimum metallic conductivity amm proposed by Mott 
for such concentrated systems.® We shall refer to cjmin m an experimental sense 
as the value of the conductivity at which TCR change sign for a composition-con¬ 
trolled MI transition. 

In this article we shall examine the changes m the electrical transport and 
magnetic properties of three-dimensional perovskite oxides on reducing the dimen¬ 
sionality Special attention will be paid to the systems exhibiting MI transitions 
in three dimensions For a proper understanding of these studies we have discussed 
m brief some of the structural aspects and the electrical transport and magnetic 
properties of some La2R04 compounds {B = Co, Ni, Cu) In two recent communi¬ 
cations the aspects of crystal structure and some unusual effects of anisotropic 
bonding have been more extensively discussed 

Crystal Chemistry 

In the AaBOi oxides with the ideal tetragonal (T) KaNiF 4 structure (Fig. 1) there is 
180° B-Oi-B interactions in the basal ab plane while along the c-axis there are 
R-Oii-On-R interactions, the R-On-On angle being close to 135° Magnetic 
interactions along the c-axis are therefore expected to be much weaker than 
the interactions in the basal plane. This gives rise to the low-dimensional magnetic 
behaviour. 

As m perovskites a tolerance factor t (= Ta-o/V^ 2rB_o) may be defined The 
T structure has been observed in the range 1 02 < 1 < 0 85 jn tnost oxides 

t is considerably less than 1 and the following constraints are imposed In the 
basal plane the B-Oi-B distance is shortened and the A-On-A distance is leng¬ 
thened relative to the distance calculated from ionic radii considerations The in- 
plane pressure on B-Oi becomes larger as t becomes smaller This strong 
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(a) (b) 

#-8 Oji Q — <^i 

Fig 1 (a) the KjNiF* (T) and (b) the T' Pr^CuO* structure m A^BOi oxides 


internal pressure on the 5-Oi bond is reflected in a fairly large increase in the 
infrared 5-0 stretching frequency m the layered perovskites compared to that in 
three-dimensional perovskites. This is especially apparent in the changes m the 
stretching frequency in GdSrA104 compared to that m GdAlOs.^^ Such large 
changes are consistent with the assumption'* that the two-dimensional K 2 N 1 F 4 struc¬ 
ture imposes a rigidity to the corner-shared sheets of 506 octahedra The strain 
due to a low tolerance factor cannot be relieved by a buckling of the octahedral 
network as is possible in the three-dimensional perovskite oxides 

In order to maintain the mean metal-oxygen distance the A~On and 5-On 
distances along the c axis has to be adjusted The A-Oa distances are expected 
to be shortened and the 5-Oii distances to be lengthened In fluorides such 
as K 2 NiF^ Itself the tolerance factor is more than 1. The NiFs octahedra are 
accordingly compressed along the c axis However, compounds such as Sr4NdTa08 
have very low tolerance factors,^^ ^nd unusually small eja ratio 3 00 compared 
to 3 25 in La 2 Ni 04 ) Thus the elongation of the 50c octahedra along the c axis 
seems to depend on the ratio of the formal oxidation states of the A and 5-ions 
In La25 04 with tnvalent /i-cations and divalent 5-cations, the A-On interaction 
competes favourably with the 5-On interaction along the c-axis The A-A electro¬ 
static repulsion between c-axis near-neighbours is also expected to be more 
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important for trivalent /4-ions which will tend to shorten the A-Ou bond These 
factors could lead to short A-Ou distances 

The importance of short ^-Oji bonds in accounting for the spectral features 
in the far infrared region has been stressed It is observed that m compounds 
such as LasNiOi and La‘>Cu 04 there is a band of considerable intensity appearing 
at a frequency which is much higher than that encountered in 5-0 monoxides or 
in La20a From a systematics of the changes m the frequency of this band a 
correlation was found with the A-Ou distance Hence this band was attributed 
to La-On stretching. This was substantiated by the fact that this band is absent 
in compounds such as Nd2Cu04 m which there is no such short Nd-On distances 
These results and conclusions were based on studies with La2Ni04 which has slight 
oxygen excess It is now known that stoichiometric LaoNiOi has a monoclinic 
distortion.^® Further studies are now necessary to ascertain whether the high fre¬ 
quency band could be due to the lower symmetry in these compounds. 

One intriguing aspect of the K2N1F4 structure is that oxides^^® such as 
La 2 Li+gAf ^+04 or Sr 2 M®+ 5 (Nb, Ta)® +O 4 show no X-ray evidence for ordering of 

the 5-cations despite fairly large charge-difference potential for sjach ordering 
The 5-cations with different charges may be looked upon as pseudo-spins with 
opposite orientations so that an ordering of the 5-cations will be analogous to 
antiferromagnetic ordering. The 14/mmm symmetry of the KaNiF 4 structure 
imposes an inherent frustration when all the possible antiferromagnetic interactions 
between the spins in different layers are considered The same reason may be 
responsible for the absence of cationic ordering in three dimensions although there be 
two-dimensional ordering is seen by electron-diffraction studies^® inLasLio sCoo 
This frustration may be looked upon as an inability to convey coherently 
information regarding structural changes or strains m layers containing Oi 10 ns 
through layers containing Ou 10 ns, especially when the tolerance factor is far from 
the limits of stability of the tetragonal (T) structure. This may account for the 
stability of solid solutions such as LaSrAli-»5»04 (B — Ni, Fe) for all values of x 
in contrast to the situation in the corresponding three-dimensional LaAli.^BiBOa 
compounds 


Structures Related to K2N1F4 

Several structures can result from a rearrangement of the oxygen ion positions. 
Three of these give rise to monoclinic distortions with y 9 ^ 90’. Of the monoclini- 
cally distorted phases, there are two structures with a = b so that the unit-cell may 
be indexed on the basis of an orthorhombic unit-cell Two types of orthorhombic 
structures have been distinguished in the O structure the conditions for the 
allowed reflections are h k = In, A- -f- 1 = 2/7, 1 -f /j = 2n while for the O' 
structure the condition is fc 1 = 2/7 The distortion to orthorhombic symmetry 
has been discussed in terms of two components The first component involves 
the cooperative displacement of one half of the A and On 10 ns along the c-axis 
thus reducing the y4-Ori distance and increasing the 5-On distance along the c-axis 
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for half the A and JB ions. This is the O structure proposed for SmzCoOi there 
being two distinguishable £ (and A) cations.^® In this structure the orthorhombic 
^'-parameter is smaller than the < 7 '-parameter The second component of the 
orthorhombic structure involves a rotation of the BOe octahedra about the orthor¬ 
hombic 6 '-axis. This leads to a decrease in the a parameter of the O' cell. The 
first component is not ruled out in the O' structure. The O and O' phases and their 
relationship have been nicely demonstrated in the system Cai+*Yi_a,Cr04.®° The 
temperature-dependent study on CaYCr 04 showed that with increasing temperature 
the sequence is O' ->• O ->• T. 

The monoclinic M structure m which a— ot^b and y 96 90° has been reported 
for Pr 2 Ni 04 and^® Nd 2 Ni 04 and for^® stoichiometric La 2 Ni 04 An a 9 ^: ^ is possible 
only when the BO^ octahedra are rotated about the a ox b axis of the tetragonal cell. 
The B-On-B angle along the a or i-axis may therefore be different and this may 
introduce a one-dimensional component in the magnetic interactions. 

There are two other structures which may be considered to be derived from the 
K2N1F4 structure These are the T' tetragonal structures encountered in Ln2Cu04 
compounds (Fig \b) (Ln == Pr, Nd, Sm, Eu, m which the On 10 ns in the 

K2N1F4 structure having the coordinates, O, O, z, are shifted to the coordinates 
0 5 ,0 0 ,0 25, (refeired to later as 0'„ 10 ns). In such a structure, the Ln ions have 

an eight-fold coordination and the Cu®+ 10 ns have a four-fold coordination A 
second structure derived from K2N1F4 are found in Ca^CuOs and Sr 2 Cu 03 in which 
half the Oi anions (the anions on the a axis) are missing the Cu®+ 10 ns again having 
a four-fold square-planar coordination 


Accommodation of Non-Stoichiometry 

Oxides with the K2N1F4 structure are known to accommodate considerable amount 
of oxygen non-sloichiometry It is new known that in La2Ni044.(i, d can be as 
high as . 12 .®-*’^® In La 2 CoOi 4 .ri prepared under different conditions d can be as 
high as 25^®’®’ Lai-a,Sri ^»Mn 04 has also large oxygen excess non stoichiometry 
especially for small values x Such large oxygen excess is unusual Drennan 
et al have proposed that intergrowths of Ruddlesdon-Popper phases such as 
La 3 Ni 207 and La4Ni30io may account for the observed non-stoichiometry However, 
recent resolution electron-microscope studies on powdered single crystals-® as well 
as well-sintered air-fired ceramic samples-^ show that there is no intergrowth 
although there is considerable oxygen excess y4-site deficiencies have been suggest¬ 
ed for lanthanum cobalt oxides to account for the oxygen excess Such ^-site 
vacancies should give rise to a decrease in the density Recent density measure¬ 
ment’ on single crystals of La2Ni04 10 has shown that the density is actually higher 
(by about 1 pei cent) than that calculated from X-ray lattice parameters This is 
unusual and suggests that the excess oxygen enters the lattice as ‘interstitials’ A 

complex polyoxygen anionic species may therefore exist The simplest of 

these is the peroxide ion 0|~ Accurate X-ray studies could possibly indicate the 
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exact locatioa of the excess oxygen. On examining the structure of the T and T 
phases (Fig 1) we note that for the given lattice parameters of La2Ni04 the distance 
between the On and Ojj lon positions is roughly 2.3 A which is much too small for 

these sites to be simultaneously occupied by two oxide (O^-) ions. However, this 
distance is sufficiently large to accommodate two oxygen atoms belonging to a 
peroxide-like species. It will be interesting to study whether the accommodation of 
excess oxygen by the formation of peroxide-like species is peculiar to the low-dimen- 
sional systems or may be found in three-dimensional systems also More corrobora¬ 
tive work IS necessary before a peroxide-like species is to be accepted Oxygen- 
deficient non-stoichiometry as in Ca2Mn04_tj has been attributed to the loss of Oi 
oxygens.®^ 


La2jB04 Compounds 


La^iOt 

Quite early in the literature it was noticed that the TCR of the compound 
with the nominal composition La2Ni04 changed sign around 550K.®®’®® This was 
taken as an instance of a metal-insulator transition It was proposed that anisotro¬ 
pic bonding in the basal plane gives rise to a strong metal oxygen overlap in the 
basal plane. At low temperature the <42-v2 electrons of the Ni^'*' ions were consi¬ 
dered to be antiferromagnetically coupled The so-called metal-msulator transition 
was then thought to be due to the breaking up of antiferromagnetic order. The 
gradual MI transition was attributed to the persistence of short range magnetic 
order ateclevated temperatures in these low-dimensional systems The shorter 
Ni— Oi distance in La2Ni04 ('— 1.93A; compared to that in NiO 2 OSA) is 

consistent with a strong Ni-O overlap in the former and nearly itinerant electrons 
in broad bands.®’^® The compounds with the nominal composition Pr2Ni04 and 
Nd2Ni04 also show similar ‘metal-msulator’ transition.^®’®® These compounds have 
a monoclinic distortion and it was observed that the temperature at which TCR 
changes sign corresponds fairly closely to the temperature at which the structure 
becomes tetragonal La 2 Ni 04 itself is beheved to have a superstructure indicative 
of lower symmetry even though X-ray diffraction may show it to have tetragonal 
structure 

The anisotropic nature of electrical conduction is seen in single-ciystal 
studies.^®’-® A sharp decrease m the resistivity around 550 K when mersured parallel 
to the basal plane and the absence of such a feature in the resistivity measured 
perpendicular to it seemed to support the early models These studies, however, 
highlighted the fact that La2Ni04 may accommodate considerable oxygen-excess 
non-stoichiometry and special annealing procedures were necessary to render it 
stoichiometric The properties of La2Ni04+d is critically dependent on the value of 
d and the earlier studies lose most of their significance as far as the intrinsic proper¬ 
ties of La 2 Ni 04 IS concerned as the value of d has not been specified Recent 
studies seem to show that stoichiometric samples of La 2 Ni 04 has a much higher 
resistivity than reported so far The fairly low value of the resistivity of the air- 
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fired samples therefore seems to be due to excess oxygen We have observed that 
samples prepared m air at 1470 K and then cooled slowly to room temperature shows 
a value of d close to 0.125 i .005 Such samples show susceptibility and resistivity 
behaviour similar to that reported earlier. 

Magnetic susceptibility studies on samples prepared in air show some unusual 
features Below 200 K there is a deviation from the Curie-Weiss law which at higher 
temperatures gives a /<eff corresponding closely to that expected for Ni^^ lons.®^ 
Between 4 and 100 K the Curie-Weiss law is obeyed^®’^ with no evidence for long- 
range magnetic ordering despite a high paramagnetic Curie temperature 0 in this 
range. The ^err value calculated from the low-tempeiature region corresponds to 
that of an 5 = ^ system This .S = 1 to S = ^ transition below 200 K was attributed 
to antiferromagnetic coupling of the electrons in the basal plane. Around 

200 K a change in the activation energy for electrical conduction was also observed 
(Fig. 2) Studies on LaaNu-sCutfO-i and La2_2a,Sr2aiNii_aiTi»04 confirmed this beha¬ 
viour.^® This behaviour must new be attributed to the excess oxygen in the sample. 
The electrical resistivity and magnetic susceptibility behaviour is reminiscent of pro¬ 
perties of Nao 31 V 2 O 5 (Fig 3).®® It may be worth exploring how non-stoichiometry 



Fio 2 Xm vs T and log 9 vs 1 IT plot of and air-fired sample of LasNiOi 
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(a) 



lOOO/TIK) 


ib) 

Fio 3 Xm vj T plot (a) and log v vs I IT plot of Nao sjVjOs 


gives rise to the unusual magnetic susceptibility behaviour reminiscent of valence 
fluctuation systems^^ such as CeCu 2 Si 2 Nearly, stoichiometric samples of La2Ni04 
have always shown so far a weak field dependence which m most samples disappears 
around 580 K, It is yet to be ascertained whether this is due to the presence of 
metallic Ni or due to canting of spins m an ordered antiferromagnet The reduced 
symmetry of the stoichiometric support samples could support a Dzialoshinskii vector 
Neutron diffraction studies should be helpful in resolving the problem 

It has been observed that samples close to stoichiometry show a higher resisti¬ 
vity than that reported for both single crystals and powders Moreover, samples 
which are close to stoichiometry have a tendency to be oxidised even at low partial 
pressures of oxygen at moderate temperatures so that studies on such samples 
without a proper control of the atmosphere should be interpreted with some caution 
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Despite the recent studies on the influence of non-stoichiometry much of the recent 
work®® does not pay attention to this problem 

The electrical properties of the air-fired samples as well as single crystals show 
some interesting features The value of the conductivity in the so-called metallic 
phase in all the samples studied so far is much lower than that m other systems 
which exhibit metal-insulator transition or other systems which exhibit a composi¬ 
tion-controlled MI transition.® As we shall see later this may be due to the two- 
dimensional character. Another interesting observation is that the so-called MI 
transition in the air-fired samples at a temperature rmm at which the resistivity is a 
minimum may be explained by a classical diffusion equation for the conductivity of 
the forms cr = (aJT) exp (- Ea/kT) since it is observed that ci 

La%CuOi and LnzCuOx {Ln — Pr, Nd) 

LaaCuOi shows at high temperatures a fairly low resistivity (10®-10-^ ohm 
cm) ®® The nearly temperature-independent resistivity was attributed to metallic 
behaviour However, low-temperature studies on La2Cu04 showed it to be 
semiconducting The Ln2Cu04 compounds on the other hand showed a semi¬ 
conducting behaviour with a marked increase in the activation energy at high 
temperatures. Studies on Laa-.LnaCuO* as a function of x showed an abrupt 
increase in volume on going from the O structure of LaaCuO* to the T structure of 
the LnaCuOi compounds This is accompained by an abrupt increase in the resisti¬ 
vity so that structure dominates the electrical transport properties. The large 
increase m the volume in the semiconducting T' phase suggests that application of 
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Fiq 4 Variation of the resistance {R^) of La»_,j;Pr^Cu 04 samples as a function of pressure at 
300 K jR IS the resistance at atmospheric pressure 
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pressure could induce a first-order ‘semiconductor-metar transition This, however, 
was not observed-® in studies upto 60kbar (Fig 4) 

The low magnetic susceptibility of LasCuOi has been attributed to antiferro¬ 
magnetic interaction persisting at high temperature.®® Interpretations based on 
Pauh paramagnetism is hardly convincing because of the fairly high resistivity and 
the low-temperature semiconducting behaviour. As we shall see later, however, 
there is some reason to believe that the system may be metallic as far as 
magnetic properties are concerned although electrical resistivity behaviour may not 
indicate it to be so The susceptibility results of Singh et al has been correlated 
with the changes in the electrical resistivity at low temperatures (Fig 5) The 
number of free Cu®+ ions as determined from magnetic susceptibihty studies starts 
decreasing at the temperature at which the resistivity starts increasing sharply The 
magnetic susceptibihty studies on NdjCu04 and PrzCuOi also showed that there is 
no contribution from copper ions at low temperatures indicating that there could 
be antiferromagnetic interactions between the copper ions.®®’®® In this context, 
the break in the log p vs IJT plots at high temperatures may be relevant as 
It is known that similar breaks are observed across antiferromagnetic ordering 
temperatures. 

There may be other mechanisms by which the moments on the copper ions 
may be reduced In CuO itself it is known that the moments on Cu®"^ are reduced 
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Fio 5 log p vs 1/r, log p vs T, Xjj vs T and pi,n vs T (inset) plots of LajCuO*.** 
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although the system IS insulating-*^ We have studied the XPS spectra of NdaCu04 
and compared it to that in CuO (Fig 6) The binding energy of the Ipz/t line is 
comparable to that in CuO so that the copper ions are formally in the divalent state. 
The satellite intensity of 2pz]% level is much reduced in Nd2Cu04 compared to 
that in CuO. Such a reduction in the satellite intensity would indicate a marked 
reduction in the number of unpaired electrons on Cu^"'' This could be attributed 
to:— 

(i) A disproportionation of Cu-+ to Cu+ and low-spin Cu*+ (usually stabihsed 
in square-planar configuration) This could be dynamic or there could be a 
mixing of such excited configuration into the ground state tending to reduce the 
moments 

(ii) A strong covalent Cu-O bonding with transfer of electron from oxygen 
to copper 

Compounds such as SraCuOs and CaaCuOa in which there are 180“ Cu-O-Cu 
interactions also exhibit very low susceptibilities which are comparable to that of 
La 2 Cu 04 .'*^ In the case of Ca2Cu03 the susceptibility decreases wuth decreasing tempe¬ 
rature indicating antiferromagnetic couphng of the spins. Whether this is due to long- 
range antiferromagnetic coupling or dimerisation of copper pairs is not certain 
More interestingly, the ESR susceptibility of these compounds shows entirely 
different temperature independence. The ESR susceptibility in both cases increases 
markedly with temperature the T plot showing a large ferromagnetic inter¬ 

cept. This behaviour is similar to that reported for TiCh in which there is also 
one-dimensional antiferromagnetic interactions This has been attributed to end- 
chain effects However, in our studies we find that at low temperatures the ESR 
susceptibility may be actually larger than the static susceptibility 
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Fio 6 XPS spectra in the Cu 2 p3,2 region for CuO smooth line and Nd^CuO* 


146 


P GANGULY 


la LaaCuOl there may be other factors which could favour such a dispropor¬ 
tionation The tolerance factor in LaaCuOi is very close to the lower range of 
stability of the tetragonal (T) structure A disproportionation improves the tole¬ 
rance factor as the average radius of Cu+ and Cu^+ is less than that of The 

pseudo-tetragonal lattice parameters of LaaCuOi is close® to that of La 2 Li+5Cu^+04 ® 

Since the Cu®+ ions are in the diamagnetic state and the Li+ ionic radii similar to 
that of Cu+ a disproportionation would not change much the lattice parameters 
The orthorhombic O structure of La 2 Cu 04 can also accomodate two distinguishable 
copper ions as mentioned earlier 

The susceptibility of a li = 0 03 sample is shown m (Fig. 7).“*® There is clear 
evidence for low-dimensional magnetic ordering in terms of a broad maximum at 
high temperatures. In addition, there is a sharp maximum around 400 K. This 
feature is observed also for powdered single crystals. DSC studies on powdered 
single crystals as well as ceramic samples shows two transitions around 400 K. One 
of these is reversible with respect to temperature while the other shows a thermal 
hysteresis. CoO also shows a reversible transition m the DSC which is associated 
with antiferromagnetic ordering The reversible DSC transition in LaaCoO^ may 
therefore be associated with antiferromagnetic ordering. Neutron diffraction studies 



Fro 7 Xj£ V5 r plot of LaaCoOj oa 
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or Co^ Mossbauer source studies would be useful m confirming the presence of 
antiferromagnetic interactions Changes in d have a small but definite influence on 
these transitions, the tiansition temperature decreasing with increasing d Just as 
in LaaNi04 stoichiometric samples of LaaCoO^ also shows a strong field dependence 
in the susceptibility which persists to high temperatures. 

Influence of Dimensionality 


Magnetic Properties 

The three-dimensional ABOz perovskites and the corresponding layered perovs- 
kites ^Sr504 (SrO ABO:^ show similar magnetic properties. In Figs. 8-10 we 
have compared the magnetic susceptibility behaviour of the three-dimensional 
perovskites LaNiOs, Lao sSro 5 C 0 O 3 and Lao sSro.sMnOa with their two-dimensional 
analogues, respectively. We see that the magnetic susceptibilities are comparable. 
There is a small decrease in the paramagnetic Curie temperature for the ferro¬ 
magnetic samples in two-dimensions which is consistent with their smaller nearest- 
neighbour spin coordination number. Similarly, LaSrFeO* and LaSrCrOi are 
antiferromagnet^-® just as their three-dimensional counterparts LaFeOs and LaCrOa 
although with reduced Neel temperatures.^ 

In the Lai_»Sr,^*Co04 systems it was noticed^s that the /xen values calculated 
from the slopes of the X-i T plots just above the Curie temperature corresponds 



Fig 8 vsT plots of LaNiOa and LaSrNiOi LaSrNiOi(S) is data of Mohan Ram et at *» and 
LaSrNiOj(D) is data from Demazeau et al 
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Fig 9 vs T plols of Lai_*Srn.aCoOi and La# sSfo-sCoOs (dotted Iine).=* 


to an S value of about 0 75 or an average number of 1 5 unpaired electrons This 
corresponds to half the cobalt ions being m the intermediate-spin (Coi*i, e^) state 

and the other half is in the low-spin tetravalent (Co’^^, e®) state At higher tem¬ 
peratures the lieu values corresponds to the trivalent ions being m the high-spm 
state (Co®+, ) Similar behaviour was observed m the three dimensional 

systems at high temperatures In LaSrCoOi itself magnetic susceptibility studies*®”*® 
have been interpreted in terms of a low-spin to high-spin transition. 

One of the surprising features in these systems is that the magnetic susceptibility 
of Lao sSro sMnOi does not diverge at low temperatures despite the high para¬ 
magnetic Curie temperature (Fig 10) 28«47.48 There is thus no long-range ferro¬ 
magnetic ordering in two-dimensional system although there is such ordering in 
three dimensions Similar behaviour was observed in LaSrMno gNio oO* (Fig 10)^® 
although the thiee-dimensional compound is a true ferromagnet *9’®® On the other 
hand LaSrMno 5 C 00 . 5 O 4 shows (Fig 10) a well-defined ferromagnetic ordering 
temperature just as-’' in LaMno sNio 5 O 3 This aspect has not been explained 
statisfactorily It may be interesting to sec whether systems such as LaSrMno 5N10.5O4 
or Lao.sSri 6 Mn 04 show metamagnetic behaviour at low temperatures. 
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Fig 10 X]J vs T plots of Lao iSr^ sMnO^, Lao sSri.jMnOi, LaSrMn, oNio iOi and LaSrMno , 
COo s 04 « 


Electrical Transport Properties 

Despite the nearly similar magnetic properties the electrical transport proper¬ 
ties are qualitatively different as shown m Figs 11 and 12 In all the cases studied 
by us so far, oxides which are metallic in the three-dimensional perovskite structure 
are insulating in the two-dimensional structure In the tight binding approxima¬ 
tion, the band width is given by 2zb, where b is the transfer integral b determines 
the magnetic ordering temperature for a given spin value along with the correlation 
energy U for supeiexchange interactions Thus the bandwidths should be marginally 
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Fro 11 log p vs \ IT plot of LaSrAli_a;lSIij ,04 and LaNiOs 
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Fro 12 log p vj 1/r plots of La,_xSr, 4 ,,Co 04 and La^ sSfo 5 C 0 O 3 










ELECTRICAL TRANSPORT AND MAGNETIC PROPERTIES OF OXIDES 


151 


smaller in the two-dimensional systems and marked changes in conductivity are 
not anticipated. 

Seebeck coefficients do not show any changes in sign in changing dimensions 
But there are some differences as far as temperature dependences are concerned 
This is best illustrated in the system Lai_*SraCo03.®^ This system is considered to 
be an itinerant electron ferromagnet. A Zener double-exchange model was rejected 
on the ground that no anomalies was observed in the Seebeck effect at the magnetic 
ordering temperature In the two-dimensional Laj_*Sri4a,Co04 system clear anoma 
lies was seen in the Seebeck effect (Fig 13) at the magnetic ordering temperature. 
This IS most marked for the x = 0.5 sample. These results are consistent with a 
Zener double-exchange mechanism involving Co“^ and Co^"^ ions 

Another interesting difference is in the high-temperature intercept of the log 
p 1/r plots In three-dimensional systems considerations based on the mobility- 
edge model and minimum metallic conductivity shows that the intercept in such 
concentrated systems should approach a value of 10-® ohm cm In most three- 
dimensional systems this is actually observed The log p vs 1/r plots of some 
of the solid solutions LaSrFei_aNi ,04 (Fig 14), Lai-^Sri+asCoOi, LaAli_»Ni,0« 



Fro 13 Variation of Seebeck coefficient with temperature for Lai_*Srn.a.CoOi Arrows indicate 
magnetic ordenng temperature.** 
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(Fig. 17) as a function of x all show an extrapolated high-temperature intercept of 
si 10"^ ohm cm This discrepancy is diflScult to understand This value is close 
to the upper limit of small-polaron conduction.®^ Anisotropic bonding in lower 
dimensions increases polaronic effects 

Among other explanations that may be put forward are the following 

(0 there may be metallic conduction in the basal plane and activated conduc¬ 
tion along the c axis. The conductivity in powdered samples may be dominated by 
the higher-resistivity component Single crystal studies should resolve this problem. 
Anisotropy in electrical conduction of La2Ni04 and La2_!BSraNi044.4 (x: 0 04) 

has been observed In the latter samples, preliminary studies showed that the 
anisotropy decreases as the conductivity was increased by increasing d In none 
of these samples, however, did the resistivity in the basal plane decrease below 
10~^ ohm cm, the limit found from high-temperature extrapolation studies 

(n) The effects may be due to additional disorder that is introduced, for 
example, the Sr^'*' ions in LaSrNi 04 as well as the random distribution of the La®+ 
and Sr^+ ions. This effect may not be important in the Lao sSn 5 BO 4 systems. 
It IS interesting to note that BaPbOa is metallic while Ba 2 Pb 04 is an insulator. 
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Comparisons with metallic SrBOa compounds and the corresponding Sr2B04 
compounds should be useful. 

(ill) We may adopt the suggestion made among others by Mott and Davies®* 
that polaronic effects decrease the bandwith without affecting the transfer integral 
mainly responsible for magnetic interactions The increase in the metal-oxygen 
stretching frequency observed in the K 8 N 1 F 4 structures suggests that polaronic 
effects are stronger Since compounds such as laNiOa and Lao sSro.sCoOa have 
conductivities close to the minimum metallic conductivity, decrease in bandwidth 
may easily render these systems insulating. In this context, it may be remarked 
that since almost all oxides undergoing a temperature-induced metal-insulator 
transition have a low-dimensional character in the insulating phase, and in the 
metallic phase have conductivity close to ainin» such transition may be controlled 
by changes in the dimensionality of electrical conduction and is dominated by 
polaronic effects 

In order to explore the effects of dimensionality further, we have studied the 
changes in the electrical transport properties of perovskites in the homologous senes 
(La 0 )n(LaNi 03 )n In these systems the number of perovskite-like layers is n. 
These studies^* showed clearly a gradual increase in the conductivity as n was 
increased Although the results show a striking dependence on n the choise of the 
system is unfortunate as there is a change in the number of Ni®+ ions. The increase 
in conductivity with n, however, cannot simply be attributed to the Ni®+ content as 
LaSrNiOi has a high resistivity. These results seem to imply that omin increases as 
the three-dimensional character of the system increases which is consistent with an 
earlier observations on the value of the high-temperature intercept for the oxides 
with the KaNiFi structure Another important feature that emerged from these 
studies is that the magnetic susceptibility per gram atom of Ni is nearly independent 
of n although there is large changes in resistivity. LaSrNi04 and LaNiOa also 
show similar magnetic susceptibility behaviour despite large differences in 
resistivity 


Percolation Effects 

It has been demonstrated in studies®* with fluorides such as K2Mgi_a,MnaF4 that 
Neel temperature drops abruptly to zero when the value of x decreases below the 
site-percolation threshold value of 0 60 implying that nearest neighbour interac¬ 
tions determine the ordering temperature In the LaSrAli_4,Fea04 system, the 
X = 015 composition showed evidence for long-range order while the x = 0 5 
sample did not show such evidence down to 12K (Fig. 15) In the three-dimen¬ 
sional system LaAli_a,Fe»03 the x = 0 5 composition showed both Mossbauer and 
magnetic susceptibility evidence for the existence of long-range antiferromagnetic 
order In the LaSrAli_»Nia04 system the magnetic susceptibility per g atom of 
Ni decreases sharply on going from x_ = Q 5 to 0 75. It seems therefore that 
these effects could also be attributed to percolation The log X vs log T plots in 
these systems (Fig 16) was fairly linear over large temperature ranges The slopes 
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were less than 1 implying that the susceptibihty obeyed the relation X = CjT^, 
where p is less than 1. This kind of behaviour is seen in amorphous antiferro- 
magnets The .behaviour in the oxides may then be attributed to the presence 
of isolated clusters of different sizes within which the spins are antiferromagnetically 
coupled These clusters behave like superparamagnetic particles of different spins. 
The magnitude of the exchange energy between these clusters would therefore be 
different The hierarchy of exchange strengths may give rise to the r-® dependence 
observed at low temperatures for the susceptibility At the lowest temperatures 
three-dimentional effects may dominate although this has not been seen in our 
studies. 

In the LaSrNii_aFea04 system (Fig. 17) it is observed that the magnetic 
ordering temperature decreases much faster than in the LaSrAli_»Fe*04 system as 



Fig 17 vs T plot of LaSrFei_a,Nia,04 samples 
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seen by a comparison of Figs 24 and 23 of Ref 28 Apparently, even when x is above 
the percolation threshold, the Ni ions involve the Fe ions on the penphery of the Fe 
clusters interactions which oppose the magnetic ordering. Frustration may occur 
for example if the Ni-Fe interactions are ferromagnetic and the Ni-O-Ni 
interactions antiferromagnetic This effectively decreases the concentration of Fe 
ions in the core of the clusters which are not involved in frustrated interactions 
At the lowest temperatures the decrease in the susceptibility (Fig. 17) must 
be attributed to antiferromagnetic ordering of these clusters This should be 
dominated by the strength of the Ni-O-Ni interactions. Similar behaviour is 
observed m the LaNii_*Fea,03 systems. 

Since in these transition metal oxides the magnetic as well as the electrical 
properties are dominated by the ^-electrons, one may expect percolation effects 
appearing in electrical transport properties as well We have failed to observe such 
effects in electrical resistivity studies. However, the sign of the Seebeck coefficient 
at room temperature shows some correlation Thus in the LaMi-aNiaOa system 
(M = Cr, Fe, Co, Mn) the sign of the Seebeck coefficient changes sign from positive 
to negative when x becomes greater than ^ 0.3 which is the site percolation thres¬ 
hold for a cubic system In LaSrAIi-*Ni»04 and LaSrFei_a,Nia,04 such a change 
in the room-temperature Seebeck coefficient occurs when x 0 60 It is interesting 
to note that in several Lai-sStaMOs systems (Af = Co, V, Mn) the metal-insulator 
transition is observed when x = 0.28 i 0 02 which is close to the site-percolation 
threshold value for three-dimensional systems ® We note that in these three-dimen¬ 
sional systems the 0.70 < x < 0 30 compositions have connected paths of both 
trivalent and tetravalent ions. Such a situation is not possible in the two-dimen¬ 
sional systems. Whether this has a role to play in explaining some of the anomalous 
properties has yet to be examined. 
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SOL-GEL ROUTE TO INORGANIC MATERIAL SYNTHESIS 
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Advanced Centre for Materials Science, Indian Institute of Technology, Kanpur, India 

(Received 4 December 1985) 

The sol-gel process has added a new degree of freedom to the synthesis of 
vanous materials e g , glasses, glass-ceramics and oxides of practical importance. 

This paper reviews the present state of understandmg with regard to the 
mechanisms involved m the gel formation and densification on specific heat- 
treatments The wide range of materials prepared by this techmque are delineat¬ 
ed and some of its future possibilities are discussed 

Key Words . Sol-Gel Process; Inorganic Material Synthesis; Glass Ceramiics; 

Glasses. 


Introduction 

Sol-Gel method of preparing materials has emerged as a powerful technique in 
recent years.^ Imtially, the interest in classical gel-derived materials arose from 
some of their special characteristics viz, submicron particle size leading to high 
reactivity and low processing temperatures, high purity and homogeneity attainable 
m multi-component systems Lately, the advantages of sol-gel process have been 
exploited in making a wide range of materials especially, glasses, glass-ceramics and 
oxides of practical importance In this paper, we give an overview of the subject 
emphasizing on the current understanding of the mechanisms of gel formation and 
their subsequent conversion to the desired products by suitable heat treatment 

Sol-Gel Mechanism 

A sol represents a suspension or dispersion of discrete colloidal particles, while gels 
are colloidal solids usually containing also a flmd component and having a network 
internal structure so that both the solid and the fluid components are in a highly 
dispersed state Gel is a broad term® covering both liquid-rich and liquid-free 
systems The term xerogel is used to designate dry gels, e g a sheet of gelatin, a 
foil of cellophane etc. 

Gelation 

Gelation, the setting of colloidal solutions, can proceed by different routes® 
to produce either colloidal or polymeric gels In colloidal gels, electrolytic or 
steric effects in the precursor solution or sol dominate gel formation, while for 
polymeiic gels, the relative rates and extents of chemical reactions (including 
polymerization) are critical In organic systems, the gel consists of polymers or 
long chain molecules crosslinked to create a tangled network which extends through 
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a liquid, whereas, the so-called colloidal gels consist of discrete colloidal particles 
which are linked together into branched chains which form extensive networks 
throughout the liquid medium by a mechanism similar to flocculation (hydrogen 
bond, electrostatic attraction) By controlling the dilution, and water content 
of the solutions, polymeric or colloidal gels can be obtained At low jsH (< 2 5) 
in alkoxide solutions with low water to alkoxide molar ratios, relatively linear 
polymeric species are produced, which can Cl osslink to yield a polymeric gel. At 
higher pH values (> 2 5), regardless of the water content, alkoxides and polysilicic 
acids polymerize to form colloidal silica or weakly crosslinked clusters 

Polymeric Gels —The most widely used starting materials for making polymeric 
oxide gels are metal alkoxides. These compounds have the general formula 
iVf(Oi?)n, where Af is a metal ion and R is an alkyl group. There are essentially 
four steps involved in the process of formation of a polymeric gel. These are as 
follows; 

(a) Reaction of several metal or nonmetal alkoxides ") 

‘ ip) Hydrolysis Af(Oif)« + xH20^M(0H),(0i?)„_* + xROU (1) 

(c) Polycondensation ■ J 

— M —OH -|- OH —M -►— M—O—M -1- HaO (Dehydration) .(2) 

—Af—OH -f PO—M -H- i?OH (Dealcoholation) . .(3) 

It IS to be noted that all the above reactions take place simultaneously Gel 
state can be achieved in two ways In the first case, removal of the solvent forms 


Mg(0R)2 ♦2 a1(OR^)3 
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Mg [aKORXORiIj]^ ♦ 8 H 2 O —Mg[AI(OH) 4]2 ♦2R0H 
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Fio 1 Spinel synthesis 
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Ranar 
n = 6 



Si606(0H)i2 76-9% SiO? 


n =3 


n =10 



Si302(0H)8 71.4% Si02 

n= n 



SinOn-](OH)2n+2 = 

• :Si,O.0, ®:(0H) 


* 


Sr,£,On(0H),8 78 7 %Si 02 
n=18 



S»,8022{0H)28 81.8%SiOa 

■X- Vertical OH bonds ore ' 
not shown 



Fig 2 Example of how molecular size and polymerization type affect chemical mai.e-up of silanol 
polymers 


the polymer species into closer proximuy, thereby increasing the probability of 
crosslinking between them When sufficient crosslinking is achieved, the viscosity 
of the solution increases rapidly and the solution gels. In the second case, aging 
of the solution allows the dehydration and hydrolysis reaction to proceed whenever 
polymer species randomly collide in solution Continued polymerization leads to 
network formation, expulsion of organic groups, and gelation Several solution 
parameters must be considered to ensure success in obtaining polymeric gels. The 
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important parameters are molar ratio of water to alkoxide, pH of the solution (Acid 
or base can act as a catalyst)!^ and temperature Fig. 1 gives a typical example of 
spinel synthesis by the alkoxide route^ and Fig 2 depicts the chemical make up of 
Silanol (—SiOH) polymers of different sizes made by a similar reaction 

Colloidal Gels —Colloidal gels are typically formed from metallic salt solution 
(Chlorides, nitrates, sulfates etc) and oxide or hydroxide sols The presence of 
potential determining ions (H+- or OH" for oxide/hydroxide systems) as well as 
nonpotential determining ions affect the stability of the colloids through their effect 
on double layer.^® According to Dell,^® there are three principal methods to form 
a gel from concentrated sols, (a) removal of watei; {jb) neutralization of the stabiliz¬ 
ing anion, and (c) removal of acid by solvent extraction. Yoldas^'^ used both 
dehydration and neutralization (using ammonia) to gel boehmite (hydrous alumimum 
oxide) sols. Gelation by extraction of acid has been discussed by Dell,^® who noted 
that the technique had been apphed to many ceramic systems including calcia stabi- 
hzed zirconia, manganese zinc ferrite, strontium ferrite, yttrium iron granet and lead 
zirconium titanate. Marboe and Bentur’^® have discussed the effects of precipitation 
and aging conditions on the formation of gels (aluminium hydroxide gels). When 
this material is precipitated from cold acidic solutions by rapid addition of base, an 
amorphous gelatinous solid is formed upon dehydration, the solid often forms 
aluminium trihydrate AI2O3 SHaO, but under suitable aging conditions bayente 
A1(0H)3 is formed. If aluminium hydroxide is formed by very slow addition of 
base to a hot aqeuous solution of an aluminium salt, the resulting amorphous gel 
ages to form boehmite AIO(OH). The pH of the solution also plays an important 
role here When A1(N03)3 is decomposed to the hydroxide by base addition at 
pH = 10, aging for 6 OOhr develops microcrystallme Al(OH) 3 , but precipitation at 
pH = 5 yields gels which retain their amorphous character even after 6 days. The 
effects of temperature in case of aluminium hydroxides system have been studied by 
Yoldas.^® For gels formed by hydrolysis of aluminium sec-butoxide and aluminium 
isopropoxide at 20 "C, the precipitate consists largely of amorphous monohydroxide, 
while the same process performed at 80 “C produces boehmite. 

Agm^ and Desiccation 

The effect of volume changes on stresses produced during drying has been 
discussed by Cooper The permissible drying rates, consistent with the avoidance 
of fracture, were evaluated and found to vary inversely with the thickness of the 
body being dried Changes m gel structure during aging and desiccation were 
studied by Zarzycki et al During the initial stages of drying, the volume change 
of the gel IS equal to the volume of evaporated hquid. The gel network is still 
flexible and can rearrange to accommodate the decreasing volume All pores are 
filled with solvent and liquid-air interfaces are not present. As drying proceeds, 
the gel network becomes more restricted, and the removal of liquid leads to the 
formation of such interfaces and the development of capillaiy stresses The tendency 
toward fragmentation due to capillary stress is determined by both the average pore 
size and the pore size distribution. The larger the diameter of the pores, the lower 
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IS the capillary pressure and at the same time minimum in pore size variations gives 
rise to minimum pressure differences between the capillaries with consequent 
lowering of stresses. An example is provided by the work of Yoldas’^’ on AhO* 
gels. It was found that the tendency to form monoliths is maximum at an acid/ 
hydroxide ratio equal to 0 07 Interestingly, this ratio corresponds to the maximum 
in pore size and minimum in pore size variation 

Zarzycki®^ compared three different drying procedures . slow drying, addition of 
surfactants during gelation, and hypercritical evacuation. The gels were prepared 
by hydrolysing tetraraethylsilane in methanol with H 2 O/TMS == 4.65. The most 
effective method for producing monolithic dried gels was found to be hypercritical 
drying Such drying was effected by heating the gel with methanol in an autoclave 
to temperatures and pressures exceeding the critical point of methanol. In general, 
hypercritical drying produces dried gels with much larger pore volumes than that 
obtained by conventional evaporative drying Because of the absence of liquid-vapour 
interfaces in case of hyper-cntical drying no capillary forces arise to cause network 
collapse and the net shrinkage during drying is very low. 

Wang and Hench-^ studied the principal mechanisms of sol-gel process which 
uses a drying control chemical additive (DCCA) in the sol to prevent fracture during 
drying The system investigated was 20Na20.80Si02 and the properties of gels 
made from this system with and without formamide as a DCCA were compared 
A primary advantage of the DCCA in the gel is that the critical shrinkage rate is 
substantially higher Consequently, the evaporation rate can be higher and drying 
times reduced several fold. The increase in critical shrinkage rate has been attri¬ 
buted to the formamide increasing the gel strength by amme group bonding of the 
gel particles 

In order to avoid crack during drying, double process of dispersion, drying and 
redispersion has been employed by Rabinovich et al for fumed silica (colloidal 
silica formed by flame decomposition of SiCU) sol-gel system The material was 
dispersed using a blender m twice deionized water to form a sol. The pH of the 
sol was adjusted Gelation was done by drying the sol at 150 °C. The dried 
material crumbled and this material was redispersed to get a sol aging After casting 
and gelation crackfree monolith was obtained This effect of double process has been 
ascribed to the formation of an interconnected structure of pores in the l-lO/^m size 
range allowing water evaporation without significant shrinkage 

Wall adhesion of the gel is another problem which needs thorough studies. 
Klein and Garvey^ have proposed an idea of “floating’’ a gel on mercury in 
order to avoid stresses during shrinkage Further research is needed in this 
area 

The drying beha\ lOur of polymeric gels, such as those obtained by the acid 
catalysis of silicon alkoxide at low water contents can be considerably dilTerent with 
respect to those of colloidal gels In these gels, the polymeric species are weakly 
crosslinked and as solvent is removed, they can deform readily and form a dense gel 
structure while the polymer itself shrinks and forms more crosslinks The overall 
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result can be a dense dried gel with no large voids Schaefer and Keefer®® recently 
postulated that phase separation should be observed m such inorganic systems. 
However, the resulting phase separated structure may bear no relation to the structure 
of the gel originally formed m solution 

The pH of the initial solution has also an important role in the structure of 
dried polymeric gel. Fig 3 gives a schematic representation of gel desiccation®* in 
acid and base conditions for polymeric gels, and the desiccation of colloidal gels 
under two particular conditions have also been shown 


Sintering 

Depending upon the nature of the gel and the conditions of its formation, any 
of the following reactions may occur during firing: (i) decomposition of salts, 
(«) carbonization or combustion of residual organic groups; (in') desorption of 
absorbed solvent from the walls of micropores; (iv) dehydration (polymerization); 
(v) formation of micropores or even foams from gas generation; (yi) collapse of 
micropores; (yii) sintering and densification. 

Yamane et have recognized several temperature ranges of importance in 

the firing of silica gels prepared by alkoxide route. These are {a) 100-200 °C, 
desorption from the micropore walls of physically absorbed water, (h) 300-500 ®C 
decomposition of organic compounds into COa; (c) 400-500 "C, collapse of small 
pores (i) 700-900 "C, collapse of larger pores With non-optimized firing schedules, 
residual organic groups and HaO can lead to blackening and fragmentation, as well 
as to the formation of bloated and foamed samples 

The densification of gel is a complex process At least four mechanisms 
contnbute to gel shrinkage : {d) capillary contraction; {b) condensation; (c) structural 
relaxation; and (d) viscous sintering. In case of borosilicate compositions, the 
above authors identified three temperature regions having different shrinkage rates. 
These are • (/) 25-150 “C, weight loss with negligible shrinkage, (n) 150-250 °C, 
shrinkage and weight loss, (c) 525-700 °C, dramatic shrinkage with little weight loss. 
Shrinkage in region (i) has been attributed to capillary contraction. Shrinkage in 
region (ii) is due to skeletal densification which occurs primarily by condensation 
reactions accompanying the loss of water and organic residue According to these 
authors some amount of shrinkage m the temperature range 400-525 °C is due to 
structural relaxation The rapid shrinkage in region (in) is the result of viscous 
flow which permits the tiny pores in the gel to collapse. It should be noted that 
the processing variables during gelation may affect the shrinkage to some extent. 
Brinker and Scherer®* found that gels prepared with low pH and low water of 
hydrolysis, which should be only modestly crosslinked, exihibit much greater densi¬ 
fication at low temperatures than the more highly crosslinked gels prepared at high 
pH and high water of hydrolysis Brinker and Scherrer®* also observed that the 
amount of water and its distribution as well as heating rate are important to the 
kinetics of gel densification 
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Fio 4 Schematic representation of free energy-temp relations between various desiccated gels, 
glass, and an ideal supercooled liquid of the same oxide composition 

Thermodynamically, xerogels (dried gels) may be considered high free energy 
materials compared to their dense oxide conunterparts prepared by melting/ 
sintering The structural characteristics of the gel contribute to this high free 
energy Surface area created by the formation of pores during desiccation makes 
the largest contribution toward this surface eneigy Fig 4 gives a schematic 
representation of free energy vs'temperature relations between various desiccated gels, 
glass, and an ideal supercooled liquid of the same composition 

Sol-Gel Derived Materials 

In the following sections, we discuss the preparation of different types of materials 
undertaken to date using the sol-gel technique. 

Ceramics and Minerals 

Since stoichiometry is controlled by the first step of the reaction between 
alkoxide partners the sol-gel technique is increasingly being applied to the synthesis 
of minerals and ceramics The other favourable reason for this technique is the 
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possibility of low temperature densification of the solid due to the initial high surface 
energy of the gel particles 

Using Al(OR)s and Ti(OR )4 as raw materials, Duerksen et al.^° prepared 
sintered titanate powder. This material is of interest to space and nuclear engineer¬ 
ing due to its high temperature shock resistance and high negative temperature 
coefficient of electrical conductivity. Komarneni and Roy®’’- have reported a new 
sol-gel process for the preparation of T 1 O 2 gel spheres. The gel sphere preparation 
process involves the dispersal of the polymerized titanium ethoxide solution into a 
two phase liquid suspension in kerosene followed by heating m a microwave oven 
The xerogel spheres obtained by this process were in the range of tens of micro¬ 
meters in diameter. Spherical Na-Li aluminate particles have been successfully 
prepared*^ by using sol-gel technique. ThOa and (U, Pu)02 microspheres have 
also been prepared by the sol-gel route,®®^® Suzuki et al.^^ synthesized mullite 
powder by calcination of the products of hydrothermal treatment of mixed alkoxide 
or mixed sol. 

By co-precipitation of Al(OH) 2 , and Mg(OH )2 Bratton®’ was able to form 
MgAl204 (spinel). Dislich®® prepared the same spinel vmalkoxide route. Gels in the 
system CraOa-FeaOa have been studied by Bhattacharya et S 1 O 2 -AI 2 O 3 catalyst 
has been prepared by Barrett et by using sol-solution technique Serpentines and 
related layer silicate minerals have been synthesized by Roy and Roy,“- Strictly 
stoichiometric mullite ( 3 AI 2 O 3 2 Si 02 ) has been prepared by Mazdiyasni and Brown^®* 
through alkoxide route Dense conductive ^'-alumina has been synthesized by Chen 
et alP BaTiOs, KTaOa, KNb03,K(Ta, NbjOsjSrZrOs and PLZT, YIG ceramics have 
been prepared too ZrOa-YaOs ceramics have been fabricated by Van De Graaf 
et al ® by using metal alkoxide as precursors, Haaker and Ewing*’ have synthesized 
polycrystalline ZrSi 04 , and are envisaging the synthesis of huttomte ThSi04, 
Yttrialite Y 2 S 12 O 7 , Olivine Mg2Si04, and silicate oxyapatite CaLa4(Si04)30 
Pentmghous usedSi(OR)4 (and other alkoxides)®® for the synthesis of NaBSiaOs, which 
cannot be prepared in any other way since it melts mcongruently. Likewise he 
prepared MgsGeOa, CSAIS 1 O 4 , CsAlSiaOe, CsAlSisOia SiOa-FeaOs system has 
been studied by Guglielmi and Pnnicipi Sol-gel method has also been employed 
to fabricate high-field ZnO varistors*® and improved ferrite memory-cores 

For materials whose alkoxides are either difficult to make or use, or are too 
expensive, the method of McCarthy and Roy®* may be employed to incorporate them 
into a gel. These workers added the materials to a solution of alkoxides in the 
foim of chlorides, nitrates, sulphates or acetates This approach was adopted by 
Hayashi and Saito®® who produced gels in the CaO-Si02 system by mixing TEOS 
(tetraethyl-orthosilicate) and Ca(N 03)2 m ethanol 

Glasses 

Gel-derived powders are used as batch ingredients for glass melting primarily 
because of the high degree of chemical homogeneity which they offer Tins leads 
to shorter melting times and lower melting tempeiatures as well as compositional 
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uniformity In sintering or hot pressing amorphous gel derived powders, the 
key to glass formation is the development of an appropriate heat treatment schedule 
to remove the residual organic gioups and achieve pore collapse without inducing 
crystallization These often indicate an upper limit to temperature for processing, 
above which crystallization precludes the achievement of complete densilication as 
a glass.®^’** 

The physical properties of gel derived glasses are very similar to those of 
glasses obtained from a melt But there are notable differences in kinetic behavi¬ 
our between gel-glasses and melted glasses Mukherjee et al ® found that gel derived 
glasses exhibit a much more uniform microsiructure and finer scale of phase 
separation than corresponding melted glasses In addition, the rates of crystalliza¬ 
tion of the gcl-derived glasses were much higher than those of melted glasses The 
differences in kinetic behaviour were associated with higher OH content of the 
gel-derived glasses ® Weinberg and Nelson®® reported a marked difference in 
liquidus temperature between gel-derived and melted glasses Hench et 
noted that the aqueous corrosion resistance of gel-derived glasses was considerably 
less than that of melted glass Gottardi et al.^^ found a sharper glass transition in 
gel-derived glasses, reflecting a narrower distribution of lelaxation times, compared 
with melted glasses 

Apart from the conventional glasses like S 1 O 2 , SiOa-AkOg, S 1 O 2 -P 2 O 5 , SiO^- 
PiOs, BaOi-PaOo-NaaO, Si 02 -Al 203 -B 203 -K 20 -Na 20 etc.,^® many novel glasses 
have been developed by the sol-gel technique. Glasses in the system BeO- 
CeOa-ZrOa have been reported®’ Hayaslii and Saito®^ have prepared glasses 
in the system CaO-SiOa In this case, transparent glasses were obtained of compo¬ 
sitions in the field of the liquid-liquid immiscibility gap, which require very high 
melting temperatures (2000 "'C) and even then are obtainable only as a grossly 
two-phase or partly crystallized glasses. Glasses in the system NajO-ZrOa-SiOs 
containing high Zr02 (upto 33 wt per cent! have been fabricated by Kamiya 
et al ®®’®® Makashima et al studied glasses in the system Si02-Al20a-Zr02 

Superionic glasses have been prepared by Boilot et al yia sol-gel process 
using alkoxides as raw materials. The systems studied were M^O-M^Oz-^iOz 
-P2O5 {M - Li, Na, K, Jkfi = Zr, Ti) and Li20-Al20a-Si02-P205. These glasses 
were made by heating gels above 400 °C and they generally icmain stable 
upto 700 

Chi®^ was able to synthesize carbon containing glasses by inert atmospheric 
pyrolysis of glass precursors (dry gels) made from methyltrimethoxysilane and 
colloidal silica Bunker obtained oxynitride glass when porous, multicom¬ 

ponent silicate gels were heated m flowing and pressuiized NHs These treatments 
resulted in dense, homogeneous oxyntnde glasses which w'ere synthesized at low 
temperature « 1000 "C) without melting 

Transparent microporous silica has been fabricated by Klein et al These 
porous glasses can be used as supports for catalysts. The sol-gel procedure also 
offers the possibility to encase radioactive waste material in glass 
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Ohno ct fabricated micron order relief patterned S1O2 glass using a sol-gel 
process The relief pattern was clearly replicated from a master pattern onto the 
SiOs glass surface 

Another kind ot sol-gel technique is the fabrication of thm-walled glass hollow 
spheres Such spheres (diameter SO-lOO^m, wall thickness l/*m) are inflated and 
formed by gases originating from the gel Duetenum-tritium fuels can be stored 
within such hollow spheres for thermonuclear fusion.®® Also hollow glass supports 
for growing cell cultures have been made by using sol-gel technology 

Glass-Ceramics 

In 1971 , the first glass-ceramic synthesis by sol-gel route was reported by 
Dislich,’' meanwhile numerous syntheses have been reported For example, partially 
ceramized glasses were described by Gottardi et a1 m the system Na 20 -Cr 203 - 
AlsOs-SiOa-ZrOi In addition to glass phase, tetragonal and monoclmic ZrOs, 
ZrSiOi, AlaOs/CraOa are obtained as crystalline phase, depending on the composi¬ 
tion and heat treatment temperature As a result of the higher homogeneity and 
reactivity possible in the sol-gel procedure, these phases are formed at relatively 
lower temperature. 

Glass-ceramics in the system SiOa-AbO^-MgO, containing high quartz, low 
quartz and spinels as crystalline phases (small amount of T1O2 and L12O were added 
to the glass compositions) have been studied by Holand et al 

Coatings and Thin Films 

Since drying stresses can readily be accommodated for thin gel lavers, the use 
of gel techniques to produce coatings has acquired much importance Using gel 
techniques, antireflection films with attractive properties have been prepared by a 
number of workers These include single layer TiOa-SiOz films,'^® SiOa-NasO- 
B2O5 mrnsJ^ Multilayer T1O2-S1O2 films’^’^s and BaO-Als03-B203-SiO2 films 
of Brmker et al.’’^'’’* 

Gel technology has also been exploited to make protective coatings Interest¬ 
ing exambles are P-AI2O3 coating^on substrates to enhance mechanical and chemi¬ 
cal properties, Ce02 coating to gas cooled reactor materials for environmental 
protection,’® coatings of AUO3 on silicon carbide and silicate glass fibres,SisN^ 
coatings on quartz and sapphire,’'® expansion adjusted SiOi-GeOe coatings (for 
protecting nonoxide ceramics against oxidation at high temperature 

Sol-gel process has been employed to form siliceous membranes at the surface of 
filter media to improve their filtration properties Similar technique has been used 
by Carturan et al to coat glass microspheres with thm layers of porous oxide, and 
such materials can be used as supports for catalysis 

Gel derived coatings have also been studied to modify the optical and electrical 
properties of materials Some interesting examples are colloidal palladium embeded 
T1O2 coatings on float glass (to have desired absorbance of visible light), IR reflecting 
ITO (Indium Tin Oxide) coatings,®-”’®* Optoelectronic PLZT films,®® transparent, 
electrically conductive cadmium stannate,®-’ tin dioxide®® coatings 
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Sol-gel method can also be employed for coating glass fibres Gughelmi and 
Maddalena exploited the sol-gel technology to coat E-glass fibres with a SiOa-Zr02 
film. These fibres can be used for cement composites 

The use of sol-gel techniques on the production of free standing films has 
been surveyed by Sakka Several techniques for making such films have been 
developed, including {a) pouring alkoxide solutions onto liquids which do not 
mix with the solution and allowing the film to hydrolyze, (b) pouring the solution 
onto non-wetting surfaces such as Teflon, and (c) forming films using wire rings 
with solutions of appropriate viscosity. 

Fibres 

Both polycrystalline as well as glass fibres have been prepared by sol-gel 
method. Using appropriate conditions, continuous fibres may be drawn from solu¬ 
tions of metal alkoxides. Fibrous gels are converted to glass fibres by heating. In 
many cases, heating of the gels produces a blackening of the fibres, very likely 
associated with fine carbon particles Their formation can, however, be suppressed 
by heating the gels immediately after fiore drawing before further polymerization 
can occur.®®’®" 

Glass fibres have been fabricated in the systems SiOa,®®’®® SiOa-AlaOa, SiOa- 
Ti 02,89>89“ SiOa-ZrOa, SiOa-ZrOa-NaaO 

Kokubo et a/.*® have developed a method for preparation of amorphous ZrOa 
Zirconia hydrogel was made from ZrOCh solution The gel was placed in a plastic 
cylinder and unidirectionally frozen by lowering the cylinder into a — 78 ®C cold 
bath at 4-6cm/hr A bundle of parallel fibres longer than 8cm and 10-60/xm in 
diameter was obtained after thawing The fibres were amorphous and porous as 
dried at 25 “"C Their pores were greatly eliminated by beat treatment in vacuum 
at 290 °C for 2 days The chemical composition of the heat treated fibres was 
approximately ZrOa H^O. 

As extreme purity is needed for telecommunication glass fibres, there is a 
strong tendency to produce performs by the sol-gel process, from which the fibre is 
drawn subsequently by melting.’’®^ 

Polycrystalline a-Al^Os fibres have been prepared by Blakelock et al by 
extruding gelled solutions through dies of appropriate diameter and sintering the 
resulting fibres at 1750 Polycrystalline fibres in the systems Al203-Cr203- 
Si02®® as well as mullite SAlgOs 2 S 1 O 2 , and aluminoborosilicate 3 AI 2 O 3 B 2 O 3 3 S 1 O 2 
have been reported Fibres in the systems AhOs-CrgOa-ZrOg, AlgOa-CraOa-TiOg 
and AhOs-CraOa-SnO have also been investigated by Sowman 

Fine grained metastable tetragonal ZrOg fibres have been drawn by Leroy et al ®® 
Such fibres were obtained by extrusion and air-jet drawing of an aged (polymeiized) 
concentrated solution ot zirconium acetate 

Mahler and Bechtold®® obtained silica fibres by directional crystallization of 
silicic acid solutions. The polysihcic acid-nch material is rejected at the ice-water 
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interface, and undergoes accelerated concentration-dependent polymerization As a 
result. It becomes insoluble, and after thawing, it retains the structural forms 
developed during crystallisation 

Composites 

Fibre-reinforced sol-gel derived aluminium oxide composites have been fabri¬ 
cated by Lannutti et al In case of short ceramic fibres and whiskers (ZrOj, 
SiC, graphite), they were uniformly dispersed m a low viscosity sol and then frozen 
into the matrix via geletion For long fibres, preforms were placed in trays and 
subsequently liquid alumina sol was added and gelled. 

Roy and Roy®^ prepared ceramic-metal composites from diphasic xerogels. 
The final microstructure consisted of noncrystalline (in a few cases, microcrystalline) 
ceramic matrix with small metallic islands ( 5 - 50 nm) and micro (and macro) pores. 
Such “nanocomposites” have been obtained in S1O2, AI2O3, ZrOa systems containing 
metallic Cu, Pt, Sn and Ni 

Datta et al have prepared glass-metal microcomposites containing nickel 
islands ( 5 - 30 nm) dispersed in a silica matrix. 

Abrasives 

Leitheiser and Sowman®'^“ employed sol-gel techniques to produce non-fused 
alumina based abrasives with a microcrystalline structure of randomly oriented 
crystallites After gelation and drying, the material was crushed and sized The 
sized powders were then fired, typically in the range of 1250-1300 °C. In this way, 
AI2O3 abrasive particles with uniformly dispersed ZrOa particles were obtained 
Such abrasive particles showed superior grinding performance compared with fused 
or sintered AhOa-based abrasives 

Breval et al ®® prepared single phase AI2O3 and 2 -phase Ni—, NiO —, and 
N1AI2O4AI2O3, and AgCl— SiOa abrasive grains through sol-gel process 

Newer Applications 

In the field of refractories, sol-gel process may be employed to get better results 
One such attempt was made by Selyanko et al}^^ They used sol-gel process for 
the manufacture of binders from AICI3 solutions by hydrolysis with MgO or NH4OH 
in high AI2O3 grog 

In order to get ultrapure homogeneous glasses, the recent trend is to exploit 
containerless melting in space. Because of the absence of gravity induced convec¬ 
tion currents, the homogenization of glass using conventional raw materials is 
difficult in the space environment Multicomponent, homogeneous, noncrystalline 
oxide gels can be prepared by the sol-gel process and these gels are promising 
starting materials for melting glasses in space environments (Batt Col Lab 

Sol-gel method seems to open a new way in the field of biomateuals technology 
The lower temperature range of gel glass synthesis makes it possible to get inorganic- 
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organic glasses Recently, Philipp et al fabricated such glasses (e.g., epoxysilane- 
titanium orthoester) for hard contact lenses 

Other piospective products^®* are nonoxide communication fibres, controlled 
release medications, photo and electrochromics, electrical and magnetic devices from 
transition element gels etc 


Concluding Remarks 

Though sol-gel process has made an impact on materials technology as well as 
on novel materials exploration the high cost of alkoxides seems to be an hindrance 
for its large scale use in preparing conventional materials It will be worthwhile 
to find out whether alkoxide route can be substituted by a more economic one. 

The sol-gel process should also be tried in nonaqueous media to explore 
the possibilities of preparing novel materials Such experiments have been tried 
in a few cases. Bonner et prepared fumed silica gels with a wide variety of 
nonaqueous liquids like methanol, ethanol, propanol, ethyl glycol etc. Brinker^® 
replaced water by ammonia (hence ammonolysis in place of hydrolysis of sol-gel 
process) and in the process got nitrides and oxynitrides This area should be 
explored in a systematic way 

Since many of the mtresting ceramic materials which can be obtained from 
gels consist of several chemical components, it is imperative that advantage be taken 
of complex precursor formation Hence, detailed studies should be done on 
formation of complexes and characterization of reaction products in multi-component 
systems 
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Bonding in inorganic glasses is generally a mixed lonic-covalent type. In 
highly ionic glasses intermediate range order develops with the formation of 
clusters. In covalently bonded glasses, formation of charged defects plays a 
sigmficant role in many glass properties Covalency itself appears to increase 
in the glassy state. In this article, examples of the consequences of the type 
bonding on the structure and stability of glasses have been presented Inherent 
glass-forming tendency m several inorganic compounds is also discussed in the 
hght of a chemical model 

Key Words : Chemical Bond; Inorganic Glasses; Intermediate Range Order, 
Covalency; Octahedral Motifs 


Introduction 

A number of inorganic systems are known to form glasses They are generally 
characterized by overwhelming chemical and structural complexity and elucidation 
of general principles governing to glassy state is not easy There are, however, 
several chemically simple materials also which easily vitrify, for example, simple 
elements hke S and Se, oxides like B2O3, S1O2 and P2O5, chalcogenides like As2Si 
and As2Sea and hahdes like BeFi and ZnCb They are mostly covalently 
bonded and considered to possess good glass-forming tendency A similar tendency 
to vitrify IS not prevalent among simple ionic metarials Even the simplest ionic 
glasses are typified by those formed in binary nitrates, KN03-Ca(N03)2 and 
sulphates K 2 S 04 -ZnS 04 and are fairly complex Further, glasses are formed 
only m certain restricted composition regimes with relative ease It is common 
piactice in glass literature to use descriptions like glass formers, glass-forming 
tendency etc Such terms, although quite generally understood, are rather non- 
quantitative in the real sense We have assumed for the present purpose that 
melts which vitrify with cooling rates not greater than lOOOdeg/sec are good glass 
formers 

There is thus an apparently strong influence of the nature of bonding on the 
vitrification of the materials In our investigations of a number of inorganic glass 
systems, a few important features revealing the relation of bonding to the structure 
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and properties of glasses have been noted These features have been discussed 
particularly m the context of some of the problems of the glassy state such as 
inherent glass-forming tendency in some materials 

Inorganic Glasses and Cluster Formation 

Typical lomc glasses are formed in mixed sulphates K2S04-Na8S04-ZnS04 and 
in Agl-Ag2Mo04; the latter is an example of a fast ion conducting glass.’^”* 
They all contain discrete anions like SOj- and MoOj- An important feature of 

ionic glasses is that the interaction is through non-directional and long-range 
coulombic forces The long-range nature of the interactions m some way appears 
to induce nucleaction of ordered crystalline regions It, therefore, makes it almost 
impossible to quench simple ionic melts like NaCI into glasses. In quenching binary 
or ternary melts advantage is taken of the fact that long-range diffusion required 
for growth of large crystallites of stable crystalline phases does not occur in the 
time-scale of cooling kinetics Ionic glasses so obtained can be modelled using 
cluster model in which a glass is assumed to possess a cluster-tissue texture Clusters 
would correspond to highly ordered, essentially crystalline regions whose spatial 
extension of 10-100 A Material present in the inter-cluster region is assumed to 
be truly amorphous and described as connective ‘tissue’ which possesses somewhat 
lower density Normally the tissue is either enriched or impoverished composi- 
tionally though to a small degree with respect to atleast one mobile ionic 
species.®"^® 

Presence of fine clusters with crystalhne order has been indirectly evidenced 
in Agl-Ag2Mo04 glasses But it is not essential that clusters should possess only 
a crystalline order High degree of positional correlation of the ions is suflficient 
to describe it as a cluster. Such clusters called ‘amorphous’ could result from 
restrictions of ionic packing also In sulphate glasses where a modified random 
packing model was found to serve as an adequate structural model, Zn®+ ions are 
coordinated always to six oxygen ions from six SO^- ions in an octahedral geometry 

while K’’" and Na+ ions are coordinated to 12 and 8 oxygens respectively from 
4 sorrounding SO|“ ions.*“® Structures built with such features are unhkely to 

develop crystalline clusters with uniform composition It may result in the forma¬ 
tion of amorphous Within the amorphon positional correlation of ions is very high 
Amorphon clusters would be held together by disordered tissue-region of slightly 
lower density and again a cluster-tissue texture would ensue 

The presence of discrete anions and cations interacting coulombically would 
therefore give rise to a cluster-tissue texturing on an extremely fine scale Forma¬ 
tion of clusters in a variety of glasses (including ionic glasses) has been evidenced 
in many experiments For example, in highly modified silicate glasses^® and meta- 
lic glasses^"* fringe patterns have been observed in high resolution electron micro¬ 
scopy suggesting presence of highly ordered regions Freezing of the spin-spin 
correlation times prior to thermal glass transition upon cooling of glass-forming 
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melts doped with tempone has been noted in ESR experiments in organic glasses, 
suggesting formation of clusters in supercooled liquids prior to the incidence of 
glass transition Evolution of roto-diffusive motions of sulphate ions in the tissue 
and on the cluster surfaces at a temperature below the thermal glass-transition while 
heating the samples has been noted in IR spectroscopy The pressure has been 
found to transform the tissue into clusters leading to total crystallization resulting in 
the expected conductivity changes in AgI-Ag20-Mo03 glasses The high pres¬ 
sure studies have provided a remarkably unique evidence for the presence of clusters 
A large number of direct and indirect evidences with regard to clustering in a variety 
of glass systems have been discussed by Phillips 

The cluster tissue texture may thus be assumed to be a common feature of all 
ionic glasses The cluster-tissue texture may inherit both density and compositional 
differences between the two regions Cluster model has been treated quantitatively 
in order to investigate glass-transition phenomenon 

Glass-transition itself is a characteristic thermal event occurring m glasses at a 
temperature which is roughly about 2/3 of the liquidus (or melting) temperature of 
the corresponding crystalline phase^®’^® The transition m most real glasses is 
diffuse in comparison to solid-solid phase transitions in crystalline materials 
However, step like changes occur m heat capacities and thermal expansivities which 
often give the impression that the underlying phenomenon shares features of a 
second order transformation The problem of glass-transition m the cluster model 
IS addressed via its vibrational properties The less dense, disordered, tissue 
region is assumed to be characterized by highly anharmonic potential wells As a 
result, potential energy wells coalesce at higher vibrational levels Correspondingly, 
systematic increases occur in amplitudes along with decreased energy separations 
At sufficiently high potential energy levels, the amplitudes and times of oscillations 
become very large and any uncorrelated random displacement in the neighbourhood 
can wipe out the memory of the vibrating species Hence, a vibrational mode is 
converted into a translational mode. The occupancy of vibrational levels is a func¬ 
tion of temperature. With increasing temperature, particles in ground vibrational 
state are excited to higher levels and the loss of particles from the ground vibrational 
state IS replenished from the surfaces of the clusters which share features of anhar- 
momcity on the side of the tissue In other words, as the temperature is increased, 
particles in the tissue regions are excited to large amphtude states in coalesced 
potential wells providing for smooth evolution of translational modes from vibra¬ 
tional modes. This is followed by a continuous ‘turning in’ of particles from the 
cluster surfaces into the cauldron of the tissue, whose volume increases at the expense 
of the shrinking clusters The rate of shrinking and thus the rate of the whole 
process increses rapidly towards the end when the clusters disappear, terminating 
m the glass transition 

With very few and plausible assumptions, this model has been used to show that 
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Where ^ = (r^ /r« = [<Ff )J,Vl 

represent the ratio of the average radius of the cluster at temperature T to its 
average radius at QK, a is equal to the ratio of the total volume of glass to the total 
volume of the cluster at OK and Z is the relevant partition function for the tissue 
region ^ has been found to behave like an order parameter decreasing rapidly 
towards the glass-transition temperature, Tg, Hence, it would be profitable to asso¬ 
ciate S with the notion of a coherence length of a phonon mode so that in the reverse 
direction (while cooling) the glass transition exhibits a divergence in ^ producing the 
likeness of a mean field governed transition (Fig. 1). 

Employing heuristic but plausible energy manifold for the partition function, 
heat capacity variations for a cluster tissue glass have been evaluated which seems to 
simulate reasonably well the behaviour of real glasses. The glass transition in the 
model IS controlled by the ground state vibrational frequency of the most mobile 
ion in the glass, for example, alkali ions m most alkali containing glasses. It could 
also be an anion such as halogens in lead oxyhahde glasses. If AJF is the ground 
state vibrational energy of the mobile ion then, 


fit 

ti 
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Fio 1 Cluster model of glasses (a) a schematic illustration of cluster-tissue texture, (b) a sche¬ 
matic of anhormomc potential wells which coalesce at higher energy levels Energy 
differences AE., AE^ etc decrease and amplitudes (number of times 2x) increase in higher 
vibrational levels, (c) variation of 5 with reduced temperature RTI aE (a is taken as 1 6 and 
number of vibrational states 6), (d) typical variation of configurational heat capacity in 
the model 
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where R is gas constant and C is a constant of the model whose value is between 
1.2 and 16 It is interesting to note that Ta cannot exceed about 1110 K in view of 
the highest known cage vibrational frequencies. Ionic glasses have frozen entropies 
whose magnitudes are considerably low This is consistent with the cluster model 
Since the clusters are highly ordered or microcrystalline, the glass can sustain only 
small magnitudes of configurational entropy in its tissue region which forms a minor 
component particularly in well-annealed glasses 

A further advantage of such a model is that the notion of soft mode^^ can be 
introduced in a natural manner to discuss the behaviour of glasses As noted 
earlier, ions which populate systematically coalesced potential energy states with 
systematically increasing degree of coalescence possess systematically lower vibra¬ 
tional frequencies and their values ultimately approach zero towards Tg. Such are 
the soft modes germane to glass and their character is different from that of soft 
modes in crystals. Temperature behaviour of Lamb Mossbauer factors in glasses®* 
can be understood on the basis of such soft modes. 

Charged Defects and Covalent Glasses 

Arsenic chalcogenides form typically covalently-bonded glasses Particularly 
interesting are the series of glasses formed in As-Se system, all the way from Se to 
significantly As-rich (AsaoSe^o) compositions The structure of these glasses corres¬ 
pond to As-Se networks m which As is 3-coordi nated and Se is 2-coordinated A 
feature of structural interest in these glasses is that in compositions away from 
stoichiometric AsaSej, homoatomic bonding is to be expected as indeed the case 
Since the energy of the heteroatom bond, As-Se, is significantly difierent and 
greater than energy of either of the homoatomic (As-As and Se-Se) bonds, 
maximum heteroatom bonds are first formed in the melt so that homoatomic As-As 
bonds are absent m Se-nch glasses and vice versa (Fig 2)-^ a situation described 
as ‘chemical ordering’®® and is present in most chalcogenide glasses since heteroatom 
bond energies are higher than the pertinent homoatomic bond energies (by several 
times kTm). Increase in electronegativity differences between the elements in glasses 
gives rise to increase in the ionic character of the bonds and hence, the heteio- 
atomic bonding dommates In fact, the ionic energy component due to heteroatom 
linkages can be so high that in oxide glasses, neither peroxy linkages nor the corres¬ 
ponding homoatomic counterpart (such as Si-Si, B-B etc linkages) coexist in the 
glasses formed from the high temperature melts due to their relative instability 
Another feature of significance in covalent glasses is the constancy of local coordi¬ 
nations m their structures By and large they remain fixed as for example [S 1 O 4 / 2 ] 
tetrahedra, [AsScj/a] pyramids, etc. The covalent network can be 1 or 2 or 
3 dimensional as typified by S, AsaSe^ and SiOa Glass properties, however, are 
isotropic due to the randomness m packing which eliminates the directionalities. 
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Fro 2 Chemical ordering m As~Se glasses (a) structure of stoichiometric AsjSca glass {b) 
structure Se-excess glass (c) structure of As-exccss glass {d) variation of chemical shifts of 
As and Se in As-Se glasses as a function of composition, (e) a schematic of band energy 
diagram which is used to explain behaviour of chemical shifts 


From a topological point of view, crystallinity of the covalent networks can in 
general be eliminated through introduction of either bond angle or bond length 
distributions Comparison with model structures at least in fused quartz strongly 
support a spread m Si-O-Si bond angles.'-^®’-’ In glasses of lower network 
dimensionality such as Se and AsjSea inter network bonding is also significant. 
Indeed in AsjSes the behaviour of glass-transition could be explained reasonably 
quantitatively by the excitation of inter layer secondary bonding 

It is now known that ail covalently bonded glasses are characterized by defects. 
The investigation of electron-transport m semiconducting chalcogenide glasses led 
to a more detailed formulation of these defects Electron transport in chalcogenides 
was once thought to involve electrons present in ‘dangling bonds’ created by the 
homolytic scission of bonds These localised electrons were supposed to populate 
levels in the gap Since electron spin resonance studies do not support the 
presence of unpaired spins consistent with the magnitude of conductivity, it was 
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postulated that daaglmg bonds redistribute electrons creating charged defects 
This in chemist’s language is the heterolytic bond breaking.' Clialcogenides 
carrying lone pairs of electrons readily coordinate to the positive species created m 
bond breaking thereby restoring the loss of covalent bond as shown below ; 


—Se. /Se— 

>As—Se—As<^ 
—Se/ ^Se~ 


—Se. ySe— 
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The net effect is the creation of a defect pair, C+ and C" (where C is the chalco- 

genide), the over- and under-coordinated chalcogenides respectively at a net expense 
of energy required for pairing electrons m the valence orbital of the chalcogen. 
Such pairs of defects as known as conjugate pairs of defects®®’®^ which we believe 
play a dominant role in covalent chalcogenides glasses Consider, for example 
transport could occur through the reverse process in which defects are annihilated 
and recreated by the reaction 

C+ -f- -f- C+ 

The reaction occurs with neutral state as activation stage, the recreated pairs could 
be present at a point further down in the direction of the field and the process 
amounts to transfer of a charged centre or two electrons (or equivalently two holes) 
The activation barrier would, therefore, correspond to the energy required for the 
creation of defect pairs Indeed, the experimental dc conductivity activation 
energies have been shown to be equal to the energy required for creation of conju¬ 
gate pairs of defects m a large number of amorphous chalcogenides The conducti¬ 
vity IS due to thermally assisted hopping of charged defects which are bipolarons. 
This aspect has been confirmed through linearity of log plots 

The primary feature of charged defect model is that it conserves the total 
number of covalent bonds at the expense of a relatively lower energy required for 
electron pairing What is not usually as well appreciated is that charged pair 
creation brings two more bonus advantages for the glassy state Firstly, it allows 
for snapping of a covalent bond where an incovenient degree of bonding strain 
develops during the growth of amorphous structure This is crucial in ridding 
ordered arrangement of atoms Secondly and more importantly, it introduces 
charged centres which provide for additional ionic interactions while conserving 
the total number of covalent linkages. This stabilies energetically the glass network 
Such defects, therefore, may be a common feature of all glasses which contain lone 
pair bearing elements like oxygen and chalcogens In silica glass, foi example, 
formation of conjugate pairs charged defects like [O-Sis/i]'*" and [ 0 -Sn/ 4 ]“ centres 
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may help terminate the strains created by cumulative distortion effects upon basic 
quartz structure A model of SiOs glass would, therefore, suggest presence of 
clusters of essentially quartz-like structure mediated by thin walls of tissue consisting 
of a large density of conjugate defect pairs of over- and under-coordinated oxygen. 
It IS worth examining whether such defect pairs are responsible for some of the 
anamolous properties of fused quartz 

It is well known that B 20 j can be crystallized only with difficulty®’ and melts 
of B2O3 exhibit properties consistent with fluids with three-dimensional networks®* 
rather than with two-dimensional networks. It would be tempting to attribute 
these features to the additional bonding made possible through charge defects of 
the following type — 
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Formation of tetrahedral boron though participation of the lone pair on oxygen 
should be exothermic combining hot h covalent and coulombic interactions Presence 
of such stable defects therefore may generate a structural resistence to nucleation 
of the crystalline B2O3 melts. It would also account for the three-dimensional 
network character of B2O3 melts We shall see a httle later that charged defect 
pairs which interact through coulombic forces play a significant role in molybdo- 
phosphate glasses also 


Glasses with Octahedral Motifs 

It has been the general belief that in glasses coordination numbers are low (2 to 4 ) 
in conformity with Zacharisen’s model We have already noted that in ionic glasses 
which are dominated by non-directional bonding, the participating 10ns tend to 
acquire maximum coordination subject only to geometrical constraints. Therefore, 
an ionic glass, constitutes an antithesis of Zacharisen’s glasses Even m cases where 
covalency of bonding dominates, as in the novel glass systems like molydophosphate 
and lead oxyhahdes octahedrally coordinated structural units form the primary 
motifs In fast-ion conducting Agl-AgiO-MoOa glasses molybdenum is present 
in discrete MoO^- tetrahedral ions But in this glass system, the oxygen ion 

activity is high and stabilizes the tetrahedral MoO|“ In molybdophosphates, 

however, due to high formal valence states of phosphorous and molybdenum, metal- 
oxygen linkages are largely covalent In the absence of oxygen ion activity Mo is 
present in formally netural [MoOe/i] units in which hybridized ri® 5 'p®-orbitals of 
Mo are used for bonding with oxygen EquiUmoIar MoOa-PaOs glass corresponds 
to chemically ordered network of [MoO«f2] and [POO3/2] units with all but two 
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corner shared oxygen.*® One of the oxygens lo [POO3/2] units are attached to the 
phosphorus atom through a double bond Mo-0 bond is as covalent as Si-0 
bond and the structure is therefore adequately described as a three-dimensional 
covalent network The effect of modifiers may be discussed in the same manner 
as in silicate glasses Modification with alkali oxides which release O^- ions for 
bond-breaking increases the oxygen ion activity and when more than two -Mo- 
0 -Mo- or -Mo-O-P- linkages are broken, resulting [MoC 4 /a 02 ]^ units convert 
themselves into [Mo04]®~ units Conversion is easy because [MoOl" units 
have roughly the same rotational volume as occupied by [MoOg/a] units Conver¬ 
sion of [Mo 04;202]^ units are both evidenced in IR spectra and inferred in several 
properties of glasses 

Mo® IS often reduced with facility to Mo®^’ at the higher temperature employed 
for the glass preparation This reduction leads to loss of oxygen. The glasses 
formed are quite stable, coloured and give rise to characteristic ESR spectra Here 
also charged defect pairs, but of a slightly different nature appear to play an impor¬ 
tant role *® While the octahedron around Mo®+ is negatively charged, the structure 
of octahedron is retained without the loss of a corner by the ready participation of 
an otherwise unshared oxygen attached to phosphorus through a double bond. The 
process may be represented as follows — 

2[Mo^^06/2]^2[Mo^'05/2a]+ -f O'- 
-f- 2 e 

2[Mo^^Osy2a]+ -i- 2e«Fi2[Mo''05/2D] 

2[Mo^05/2n] + 2[P003/2]^2 [Mo^08/2]- 4- 2[P04/2]"- 

In the process, [POO3/2] unit is converted into[P04/2]’^ unit and is paired to [Mo 06 / 2 ]~ 
unit By the creation of such paired defects, structural features are retained, 
coulombing energy term is added and further cross-linking is achieved through 
4-connected phosphate units 

The apparently facile nature of the conversion of [POO3/2] unit into a charge 
bearing [POa/z]'*' is exploited by additives like PbO which possess a tendency to 
occupy covalently bonded tetrahedral network positions In order to incorporate 
lead as [PbOa/z]®" units in to the network, [POO3/2] units readily share the unshared 
corner resulting in [Pb04/2[‘^" • 2 [P 04 / 2 ]+ complexes Once the [POO3/2] to [P04/2]’^ 
conversion is exhausted for want of [POO 3 / 2 ] units, further addition of PbO begins 
to play the role of a modifier oxide like K 2 O Thus, in the presence of modifier 
PbO Mo®+- has little tendency to stabilize and the concentration of Mo®+- becomes 
low These features are confirmed from ESR** and ultrasonic*® investigations (Fig. 3). 
In all their structural and important physical properties, phoshotungstate glasses are 
very similar to phospho-molybdate glasses ** 


Lead Oxyhalide Glasses 

Lead oxyhalides are again among novel glass systems*®’*^ where the structure is 
built of [Pb 02 A^ 4 ] {X — F, Cl) octahedral umts The components of these glasses 
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MolV. PbO 



MoOa-^ PbO- 20 PiO 5 glasses (ii) m (60-x) MoOj-,x:PbO-40Pb*Os glasses, sharp drop 
occurs m Mo®+ concentration as soon as concentration of PbO and PjO^ become equal, 
(b) variation of bulk modulus and Poisson’s ratio m (80-jc) MoOj-a: Pb 0 - 20 p 40 s glasses 
Here again trends m variation of elastic properties change when PbO concentration becomes 
equal to the concentration of P 2 O 5 (see text). 

namely PbO and PbAi (PbFa or PbCla) are known to be typical examples of cova¬ 
lently and lonically bonded solids respectively*® While PbO and PbAa are them¬ 
selves not good glass-formers, glasses containing 40-90 per cent PbO may be 
conveniently prepared The halide rich glass compositions are characterized by high 
degree of lonicity Presence of [Pb02J\f4] octahedral motif in all glasses was first 
postulated to account for the pair distribution functions obtained from X-ray diffrac¬ 
tion measurements and were subsequently confirmed from detailed EXAFS investiga¬ 
tion of the glasses 

Linkages of the type -O-Pb-0- form networks whose dimensionality and 
extent are reduced in halide-rich glasses in which 0/Pb ratio decreases considerably 
It IS interesting to note that glass formation ceases in compositions where the 
linkages do not extend beyond -Pb-O-Pb- The bond angle OPbO which is 
close to 90° in oxide-rich glasses as a consequence of p-orbital bonding of Pb to 
oxygen atoms gradually opens up as the lonicity increases in halide-rich glasses and 
the overall symmetry of [PbO.iJY'^] units evolve from C,-»-C 2 p-^i) 4 ft as the halide 
concentration m the glass increases These features have been confirmed from 
an analysis of X-ray absorption near edge structures (XANES) associated with 
Pb-L-edges (Li, L 2 and La) in glasses (Fig 4) The nature of bonding in [PbOaJ 5 f 4 ] 
units can be understood in terms of suitable molecular orbital diagrams which involve 
the 6J-orbitaIs of Pb 

The nature of bonding in PbO-PbXa glasses is affected by the application of 
pressure on the glass ** In fact, crystallization occurs under pressure in both 
PbO-PbCh and PbO-PbFa glasses in which Pb-0 bond appears to get modified 
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Fig 4 Bonding and structure of [Pb 04 F 4 ] units in PbO-PbFa glasses (a) X-ray absorption near 
edge structure (XANES) of PbO-PbFj glasses along with those of PbFa, (6) differentiated 
spectra corresponding to those m (a) in which absorption peaks are more clearly 
defined (c) The structural units whose MO diagrams were found account for the features 
in the spectra 

leading to formation of ions In oxychloride glasses in particular rearrange¬ 
ment into a crystalline product is assisted by formation of 0^~ ions 

Hence, the structural aspects of molybdo phosphates and lead oxyhalide glasses 
provide evidence for the prevalence of octahedral motifs in and compatibility with 
the glassy state Octahedral geometries seem to occur wherever (i-orbital participa¬ 
tion becomes energetically feasible 

Co VALENCY AND GLASSY STATE 

One of the traditional beliefs in glass science has been that good glass formers are 
highly covalently bonded The attributes of covalent-bonding are directionality 
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of bonding and shortness of the range of interaction (ideally confined to the connect¬ 
ed pair). Both these features are considered to be factors contributing to facile 
elimination of long-range order necessary for glass formation However, fully 
covalently bonded elements like silicon and carbon do not form glasses. It appears 
to us that the flatness of the -M-0- or -M-C-M- bond flexing potential is 
responsible m a major way for easy glass formation. Oxygen and chalcogens possess 
certain unique properties which may contribute to the glass-forming tendency, reason¬ 
ably high electronegativity, and presence of lone pairs which can be engaged m 
additional bonding in extreme situations etc. It is also apparent that sixth group 
elements are unique in and dominate the glass chemistry. 

Nevertheless, M-0 bonds in glasses in general appear to become more 
covalent in glassy state than they are in the corresponding crystalline state 
This feature was first observed through chemical shifts in X-ray obsorption edges.^ 
The increase in covalency manifests quite generally as increase of edge absorption 
coefficients."*®’®^’®®’®’ The absorption edges correspond to excitations from core 
levels of the atoms to allowed vacant final states (atomic, molecular or band-like). 
The bonding details affect the transition dipole matrix element and thereby the 
absorption coefficient which is related to the square of the matrix element. Since 
increase in covalency may be considered as corresponding to reverse transfer of 
bonding electrons from the anion, these electrons afiect the final states through 
enhanced shielding Thus, intensity variations are quantitatively correlated to 
number of covalent electrons through shielding constants.®’ The extent of covalency 
itself may thus be quantified In fact, it can be shown that the absorption coefficient 
ficov, of the covalently bonded atom and absorption coefficient /aion of the same in 
free ionic state are related as yucov = AUon exp [nS]; where S is the shielding due to 
covalent electrons (involved iffcovalency) and a is a constant determined by connected 
quantum states in the free ion 

Investigation of L-edge spectra of Nd in NdF 3 -BeF 2 glasses,®® of Th in 
ThF 4 -HfH 4 glasses"*® and of Pb in PbO-PbAa glasses®* have revealed that the 
bonding is always more covalent in glasses than in crystalline state. This is intrigu¬ 
ing because increasing covalency generally leads to loss of total cohesive energy 
But considering that glass has a lower density than the corresponding crystalline 
phase, loss of coulombic interactions is likely to be made up by a local enhancement 
of covalency 


Physical Models of Glasses and their Limitations 

The two general physical models employed in the description of glasses are the 
I andom netwoi k model and the random close packing model Random network 
model IS generally considered adequate for describing covalent glasses such as 
fused quartz Distribution in Si-0~Si bond ongles eliminates periodicity in glassy 
S 1 O 2 The absence of such angle distributions induce an order chaiactenstic of 
crystalline modifications like p-quartz The distribution of bond angles is now 
well established through solid state high resolution magic-angle-spinning NMR 
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which has also been used to investigate structural species in modified silicate 
glasses '*®‘* 

Random close packing on the other hand has been found to be particularly 
useful to model the structure of metallic glasses Indeed, a close correspondence 
exists between random close packing and random network in that the interconnection 
of the tetrahedral voids of the rep model generates a three-dimensional random 
network of tetrahedra 

From all the previous discussions it is obvious that ionic glasses cannot 
be described by either of these physical models without unduly severe modifica¬ 
tion One could of course introduce artefacts of network decoration and attempt 
to use random network model to describe networks contaimng octahedra but 
once again it would underscore the necessity for more satisfactory structural 
models 

One serious question that such physical models do not address themselves to is, 
‘what IS the origin of bond angle distribution itself?’ The apparent reluctance of 
simple glasses such as fused quartz and BaOa to crystallize even when a high degree 
of thermal energy is available suggests that the amorphous state with its frozen bond 
angle distribution is perhaps energetically not unfavourable. Whether there exists 
an inherent tendency to generate bond angle or bond length distributions does not 
form the subject matter of the physical models 

Acid-Base Concept and Chemical Model of Glasses 

It IS common chemical knowledge that all heteroatom bonds are characterized by 
mixed type of bonding, in particular ionic-covalent type in inorganic materials 
direction of the transfer of electron is from a cation to an anion or from a Lewis 
The acid to a Lewis base. Such bonding electron displacements are due to electro¬ 
negativity differences The acid-base concept is therefore rooted m the concept 
of electronegativity The acid-base formalism is empirical and has been developed 
quite successfully Parameterized values for acidity and basicity have been 
tabulated and a number chemical phenomena have been rationalized using such 
parameters 

One empirical measure of acidity of a cation is its bond valence corrected for 
the variation of the bond distance The acidity or partial valence, s, and bond 
distance i? are related as 

where jR^ and N are constants derived from analysis of crystal structure data from 
literally hundreds of compounds with a variety of coordination numbers A large 
difference in the acidity of the cation and the basicity of the coordinating anion in 
a compound is an indication of the latter’s reactivity or instability Such a compound 
generally exhibits a tendency to acquire into its structure other atoms or groups of 
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atoms which ameliorate the imbalance m acid-base parameters. The imbalance can 
also be atoned by local distortions which alter the bond lengths in accordance with 
the above relation and increase or decrease the value of s Thus a distortion would 
be introduced into the structure in order to atone differences in acid-base parameters 
wherever large differences exist Such distortions would therefore reflect natural 
difficulty in crystalline packing or tendency for glass formation. Acid-base para¬ 
meters of a few good glass-formers are presented in Table I below and it may 
be noted that the cation acidities are indeed qiiite different and much larger than 
the anion basicities 


Table I 


Acid-base parameters of good glass formers 



acidity (a) 

basicity {b) 

(alb) 

S 102 

0 95 

0.50 

1 9 

BjOj 

0 88 

0.50 

1 8 

P»Os 

1 30 

0.50 

26 

TeOj 

106 

0.50 

212 

ZnCli 

0 36 

0.10 

3.6 

BeF, 

0 50 

0.21 

24 


One would, therefore, expect oxygen or other anions to displace themselves in 
such a way that the resulting bond distortions would increase their net valences. 
The acid-base model thus provides a reasonable explanation of inherent glass 
forming tendency in some materials It would, therefore, be worthwhile examining 
this aspect further 

It would be equally profitable to ponder on the variations in electronegativities 
due to changes m hybridization of anions particularly oxygen The different levels 
of i'-mixmg in the bonding orbitals of oxygen would not only introduce a distribution 
of bond angles but a distribution of bond electronegativities of oxygen atoms. The 
equilibrium cation-oxygen distances (the corresponding bond strengths) (due to 
different lonicities) would, therefore, again acquire a distribution in accordence with 
the principle of electronegativity equalization in the formation of chemical bonds 
This would also contribute to an inherent glass-forming tendency because of the 
resulting basic symmetry in local configurations 

Conclusion 

An attempt has been made in this presentation to show that structure stability 
and several properties of glasses are intimately connected to the nature of chemical 
bonds m them Physical theories in their search for unifying models tend to under¬ 
estimate, if not Ignore, the bonding aspects Models based on chemical approaches 
with their strong empirical base may therefore be expected to provide new and 
profitable insights 
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A study of magnetic interactions in the amorphous transition metal-metalloids 
IS of considerable interest Magnetic moments of the metal atoms in these 
systems lie close to the values found in analogous crystalline systems and 
like the latter follow the trend according to the Slater-Pauling curve But the 
extent of charge-transfer from the metalloid to the metal atoms needs further 
investigations In certain cases, the magnetic properties of these systems 
strikmgly differ from the crystalline systems of similar compositions due to the 
presence of chemical environment of multiple types The Curie temperatures 
(Te) of these metalloids, unlike the crystalline systems, are significantly influenc¬ 
ed by thermal history However, like the crystalhne systems they follow the 
Bethe-Slater relationship as a function of the radius of the li-shell of the 
transition metal ion Structural disorder, in general, results in the lowering of 
Tf compared to the crystalline systems 

Mbssbauer studies of iron-nch systems are characterised by the relative inten¬ 
sities of the hyperfine spectra and exhibit large line-widths due to the random 
distribution of the atoms. The plots of reduced hyperfine field vs reduced 
temperature show significant deviations from crystalline behaviour Attempts 
to obtain detailed magnetic phase-diagrams using different techniques show 
the existence of spin-glass in addition to para- and ferro-magnetic phases 
Not much study has been carried out on the reversibility of the different tran¬ 
sitions Variations is the critical compositions may be explained on the basts 
of competing interactions Distribution in the interatomic distances also 
influence the critical concentration due to their effect on the exchange interac¬ 
tions The critical exponents except p are found to be close to values predicted 
for the three-dimensional Heisenberg model 

Although these systems are amorphous they show the existence of spin-waves 
Compared to crystalline systems these systems show T*'* dependence over a 
wider range of temperature The values of stiffness constants indicate that 
spin-waves in amorphous ferro-magnets have lower energies of excitation and 
a description of localised spins with short range interactions is more appro- 
pnate Attempts to apply the itinerant electron model do show the Arrot- 
Belov-Kouvel (ABK) plots to be linear They however exhibit curvatures at 
low fields which is attributed to concentration fluctuations in these amorphous 
ferromagnets The different aspects of magnetic interaction mentioned are 
discussed in some detail m the light of recent literature 

Key Words Magnetic Interactions; Amorphous; Transition Metal-Metal- 
liods, Mossbouer Effect; Curie Temperatures; Bethe-Slater 
Relationship; Spin-Glass; Paramagnetic-Ferromagnetic Phases, 
Heisenberg Model; Arrot-Belov-Kouvel (ABK) Plots 
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Introduction 

The growth of interest on the subject of amorphous alloys m the last decade is 
indeed phenomenal The explosive literature on the subject is partly governed by 
the search for new materials with potential technological applications and partly by 
the scientific curiosity to look for and understand unusual structural situations such 
as those obtained m amorphous materials. The reader may refer to any of the 
books that have appeared very recently for a comprehensive treatment of different 
aspects of the subject of amorphous materials.^”® Gubanov® theoretically foresaw 
the existence of ferromagnetism in amorphous solids in 1960 Around the same 
time, the advent of amorphous ferromagnets began as a laboratory curiosity with 
the investigations of Duwez^ and co-workers and now has become a subject of 
industrial curiosity, attracting more and more workers from different fields into 
Its fold. The present title is chosen for the review keeping in mind that magnetism 
in Itself is quite an interesting field and this property m amorphous materials is 
hkely to continue to be of considerable concern for quite sometime to come both 
from theoretical as well as experimental points of view. The subject matter has 
been sub-divided into different sections purely for the convenience of presentation 
and m a way reflect the patterns of literature on the subject of magnetism m 
general. 


Magnetic Moments of Transition Metal Atoms in Transition 

Metal-Metalloids 

Amorphous magnetic alloys, prepared by various techniques^ possess a chemical 
composition TmGx-a with x 0 8 Here T ~ Fe, Co or Ni or a combination of these 
3d elements, or a combination of them with other 3d elements such as V, Cr or Mn; 
G represents metalloids from group III A like B, IVA, such as C, Ge, Si, Sn or Va 
like P or more often a combination of these elements. The average magnetic 
moment, per transition metal atom for various alloy compositions is listed m 
Table I * These values have been obtained from bulk saturation magnetisation 
measurements utilising a force balance method or vibration magnetometer The 
data clearly show that the presence of metalloid atoms decreases the value of jx 
relative to the values for pure transition metals, 2 2 /ab for Fe, 1 Ifis for Co and 
0 6fSB for Ni This is a feature common for amorphous and crystalline alloys 
For instance fx — 1 91/iB for Fe^B and the reduction is attributed to charge-transfer 
from B to Fe The differences in the reduction in alloys containing varying amounts 
of different metalloid atoms are attributed to the amount of charge-transfer from 
the metalloid atom which in turn is governed by the number of s-p electrons on the 
metalloid. Several attempts have been made to formulate simple rules that govern 
the observed trends The use of generalised Slater-Pauling model by Mizoguchi 
et al ® in the amorphous magnets with composition (Fe_xriV/*)!,oPioBio (TM — Ni, 
Co, Mn, Cr, V), showed several features with trends similar to those in crystalline 
alloys The Slater-Pauling curve obtained by plotting magnetic moment per TAf 
atom the number N of TM outer electrons showed a maximum toward the 
lower value of N as in transition metal borides (Fig 1) A distinguishing feature 
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Table I 

Average magnetic moment, (4 per transition metal atom in various transition metal-metalloids 

(Ref. 2, p. 92 and references therein) 


Alloy Composition 





21 

FCgoBao 

194 

FCgoPj4B6 

1.85 

Fc7oNiioB2o 

1 86 

Fe^flNiioP 14B6 

1 61 

FCgoNiao^ao 

1.69 

Fc 4 oNi 4 oB 2 o 

1.31 

FC40N140P14B6 

1 23 

Fe4oCo4oBao 

1.79 

CogoB^o 

1 28 

CO78P2S 

1 18 

NlsoPao 

0 05 


IS a shift of the maximum to lower values of N m amorphous compared to crystal¬ 
line systems with LN ~ 0.3 Otherwise, the same linear decrease of the moment 
between iron and nickel is observed. Luborsky,® from these trends concluded that 
roughly boron atoms transfer a charge of about one electron and phosphorous two 
electrons to the transition metal atoms Such a prediction would mean that even 
variation of metalloid concentrations m systems such as Fe 4 oNi 4 o(P, B) 2 o should 



ValcncG electrons 

Fio 1 Dependence of mean saturation moment per transition metal atom on average transition 
metal valence electron concentration ® 
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Fio 2 Changes in the average magnetic moment in a-transition mctal-metafloid alloys with 
relative concentrations of P and B atoms 


show a monotonic decreasing trend as P is replaced by B This is not, however, 
found to be the case as shown in Fig 2.^“ Thus it is difficult to account for details 
of moment variation in a simple manner The above example suggests the impor¬ 
tance of other aspects which can significantly influence the variation of magnetic 
moment with composition such as chemical bonding It should at the same time 
be stressed that chemical bonding in amorphous alloys can be more difficult to 
handle than in crystalline systems This may be highlighted, for example, by the 
observation that a-Feo 5S10 5 and a-Coo sSn© 5 are magnetic whereas the correspond¬ 
ing crystalline systems are non-magnetic Thus, amorphous systems can 
give rise to chemical environments of multiple type favouring existence of a magnetic 
moment 

Considerable work has also been reported on ternary alloys with no agreement 
legarding the moment to be associated with different transition metal atoms 
Mizoguchi et al ® concluded from the results on the alloys ^-(Fe, M)soPioBio men¬ 
tioned earlier that Fe, Co and Ni possess appioxiniate magnetic moments 2, 1 and 
0/*B per atom respectively A similar result is obtained by Sherwood^^ on a-(Fe, 
Co, NOrsPieBeAls Yamauchi and Mizoguchfl® on a study of ternary alloys with a 
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Single TM element found fue when taken equal to 2 6 and 1 6 respecti¬ 

vely, the magnetic data agree reasonably well with values obtained using the rigid 
band model Durand^* on the other hand concludes m the investigation of 
a-(Fe,Niioo_») 7 !)Pi 3 B 8 senes that the moment per Ni atom increases steeply from 
zero at A =0 to roughly a constant value of 0.4 /is for a 30 at per cent O’Handley 
et al ” have shown from a rigid band model analysis that Ni should have a non¬ 
zero moment in amorphous NisoBio alloy and B and P metalloid atoms donate 1.6 
and 2 4 electrons per atom respectively to the c?-bands of the TM atom. In a 
comprehensive study of the Fe-P-B alloys, Durand and Yung^® are able to 
account for the rate of reduction of iron moment when one metalloid is retained at 
constant percentage and the other substituted for iron, using a charge transfer 
model assuming B and P donate 1 4 and 1 6 electrons respectively to the Fe-^f 
bands. The later value for P is significantly different from the one derived by 
O’Handley^’ mentioned earlier KauP* has rationalised the differing observations 
stated above by putting forth the idea that not only the moments of Ni and Fe 
atoms vary with Fe concentration as revealed by neutron diffraction in crystalline 
alloys, but also the number of electrons donated by the metalloid atoms to the 
transition metal rf-bands Such a hypothesis has been justified on the basis of the 
coherent potential approximations.^*’®® 

Curie Temperatures 

The curie temperatures of amorphous alloys are of much greater interest than of 
crystalline metairals for (1) they are influnced by composition due to the moment 
of the constituting elements, (2) by structural disorder (3) chemical bonding of the 
metalloids with the TM which cannot be understood m a simple way as in crystal- 
hne systems for reasons mentioned earlier We discuss below the dependence of 
Te on these different factors and briefly mention the different arguments and models 
proposed to explain the observations Tc for amorphous nickel has been determined 
to be 540 K which is about 15 per cent lower than the crystalline Ni Extraploated 
estimate of Te for amorphous iron from a study of a-FeZr alloy leads practically 
to OK®- Cobalt-based amorphous alloys have the characteristic property of 
having Te > T* where Tj, is the crystallisation temperature as shown for instance 
by a companson of the Mossbauer spectra recorded with increasing temperature 
That Co based alloys indeed differ in their behaviour from Fe based alloys can also 
be illustrated with the cases of a-Co,Pi_a and a-Fe,Pi_, systems With increas¬ 
ing .X, Te increases for the cobalt alloy leading to an extrapolated value of 1400 K 
for X == 1 unlike in a-(Fe-P-B) alloy which shows a decrease with increasing a 
leading to Tc of 340 K for x = I This may be understood as due to the 
presence of Fe-Fe pairs that interact antiferromagnetically depressing the curie 
temperature 

Since the first approach by Gubanov,® reduction in Tc by structural disorder 
has been envisaged by theoretical analysis by various workers In the light of 
these theories, when the lowering of Te from crystalline systems is of the order of 
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10 to 15 per cent, the influence of Structural disorder can easily be understood as 
due to the smaller density 3 per cent) in the amorphous state affecting the exchange 
integral in a molecular field model A small but significant lowering of Te in 
amorphous to crystalline systems has been observed m cases such as a-FersPeBu, 
fl-FcsB and o-FejP But when a drastic effect occurs as m a-YFej, the 

differences cannot be accounted for without going through a detailed band structure 
calculation. Comparatively, only a few calculations have been made to account for 
Tc variations with composition using the itinerent magnetism modeP®’®^ The 
direct exchange interaction m amorphous magnets maybe given bythesemiempirical 
Bethe-Slater curves as a function of the radius of d-shell, Ra and of the atomic 
separation, R Chen et al.^' have thus shown that when Tc values of different glasses 
are plotted against RjRd, the influence of metalloid addition and alloying among 
the transition metals on Tc can be qualitatively accounted for The Te dependence 
on composition in the alloys (Fea,Nii_a,)8o52o,(FeaNii_a,)8o5i9Sn and (Fe,Nii_*)fiaPi456 
has been well accounted for in terms of the relationships between near neighbour 
exchange interaction and jc put forward by Foo and Wu using the coherent poten¬ 
tial approximation for disordered ferromagnetic binary alloys.^®’®* 

The Te values measured by magnetic measurements are found to be sigmfi- 
cantly lower than values obtained by Mossbauer measurements which monitors the 
hyperfine field at a microlevel This is a trend that has been observed in crystalline 
systems as well and is attributed to relaxation effects which the Mossbauer probe 
experiences close to Tc and is governed by the relaxation times Yet another 
property which distinguishes amorphous magnets is the influence of thermal history 
on the curie temperatures which can be pronounced in some of these alloys. For 
example, in the case of FeysBgSis the Tc shifts to lower values with higher rate of 
heating as sensed by differential scanning calorimetry^ Similar thermal effects on 
Tc observed for a-Ni-ncli Fe—Ni— B glass by Davies and Gregan®^ has been 
attributed to structural relaxation effects associated with the diffusion of boron 
atoms 


Mossbauer Spectroscopic Measurements 

Mossbauer spectroscopic measurements have provided insight into magnetic proper¬ 
ties m those systems which contain suitable isotopes such as ^’Fe, ^®^Dy etc, which 
act as Mossbauer probes With this technique it is possible to have access to 
informations which are not otherwise possible as it has the advantage of probing at 
the microlevel and of monitoring the magnetic phenomena with associated hyper- 
fine interactions The Mossbauer profiles of a number of iron rich ferromagnetic 
glassy alloys reported are similar They all exhibit a w'e 11-resolved six-finger pattern 
with relative intensities close to 3 4 1 1 4 3 compared to 3 2.1-1 2 3 

observed for iron foil and many crystalline alloys The spectral line-widths 

also are significantly broader We reproduce m Fig. 3 the Mossbauer spectra of 
FeTsNigMoaBieSu over the temperature 80 to 750 K range as a representative 
example^® The transformation from ferro- to para-magnetic state above Tc is 
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VELOCITY (mm/sec) 

Fia 3 Mtissbauer spectra of a-Fe 7 iNiiMOaB,sSi« between 80 and 750 K 


shown by a change from a six-finger pattern to a quadrupole split doublet As a 
typical example, we give the least square fit experimental parameters, viz, line 
positions, Ime-widths and relative peak-areas obtained for the room temperature 
Mossbauer spectrum in Table II large line-widths quoted should be 

compared with a value of 0 28mm/sec obtained for the experimental Ime-width for 
natural iron The characteristically broad lines with a symmetric profile uniformly 
observed m all the magnetic amorphous alloys arise due to iron atoms finding 
themselves in a variety of coordinations with random distribution of electric field 
gradient, which is significant as shown by the quadrupole-spht paramagnetic spectra 
above Te and which below T« adds to the spectral line-widtiis without shifting the 
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Table H 


Line-position, line-width and peak-areas of the Mossbauer spectTum*^ of a-FeTjNisMo^BuSj* 




Mossbauer lines 




I 

n 

ni 

rv 

V 

VI 

Line position (mm/sec) 

-4.144 

-2.347 

-0 684 

-1-0 496 

+ 2139 

+3.898 

(FWHM) (mm/sec) 

1.758 

1.283 

0.537 

0.671 

1 534 

1.714 

Peak area (arbitray units 

I 368 

1426 

0.386 

0 430 

1 599 

1.263 

X 10' 








line positions A survey of literature shows that extensive analysis of Mossbauer 
spectra of amorphous alloys throw light on the following aspects.®® (1) Tempera¬ 
ture-dependence of magnetisation (2) Distribution of hyperfine field and its tempera¬ 
ture dependence and (3) Phase-transformations and associated phenomena. An 
attempt is made in this section to highlight these features as observed in the so-called 
metallic glasses 

The major handle that has been found to be of considerable value is the 
measurement of the hyperfine-field as given by the splitting of the spectra due to 
the internal magnetic field The relative intensities of the six-finger pattern depends 
on the orientation of the magnetic field relative to the electric field gradient in the 
principal axes system Thus, the significantly different relative intensities in 
amorphous alloys compared to that in natural iron arises due to the fact that 
although the hyperfine field has a distribution, the components are predominantly 
oriented alike and in these cases along an axis perpendicular to the ribbon plane or 
close to such a description The magnitude of the hyperfine field depends on the 
contributions due to the Fermi-contact interaction, the dipolar and orbital contibu- 
tion At room temperature the amorphous alloys exhibit hyperfine-fields close to 
^ 270kOe which is significantly less than the valus for natural iron viz 330kOe This 
clearly shows that bonding between the metalloid atoms and the metal atoms in 
these alloys is quite important. It has been experimentally shown for these ferro- 
magnets that the average hyperfine field is proportional to the bulk magnetisation 
with the proportionality constant being '~135kOe/juB where is the Bohr magneton. 
Fig 4 shows a plot of the reduced magnetic field against reduced temperature for a 
few metallic glasses in addition to the Brillouin function for 5 = ^ for comparison 
as it describes the temperature dependence for many crystalline ferromagnets such as 
iron It is seen that the temperature-dependence for amorphous alloys differ signi¬ 
ficantly from the crystalline alloys and gives rise to a ‘flatter’ curve compared to the 
Brillouin function for S | This is found to be quite characteristic of many of 
the amorphous alloys studied although the disoidered alloys also show a similar 
trend but to a much lesser extent‘s'’ Thu behaviour can be explained on the 
Handrich’s*’ model based on the effective molecular field appioach according to 
which the Brillouin function can be written in the modified form 
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T/Tc , 

Fig 4 Reduced hyperfine magnetic fields vs reduced temperature-solid lines are drawn using eq (1) 
with different values of 3 ** 


X. _ ffettiT) _ 5i[(l - f 3)^1 , -BoKl — 3)jc] 

2 2 ’ ^ 

where jB* is the Bnllouin function for spin S, x — [SSjS + 1] {h/t), t = TITe, and 
5 IS a measure of the fluctuations occunng m the exchange interactions due to the 
random distribution of atoms in these solids and its value lies between zero and 
unity. For 3 = 0 expression (1) reduces to the form applicable to crystalline ferro- 
magnets It is found that in order to obtain a qualitative agreement with experi¬ 
mental points the values 3 as high as 0 5 have to be used but even then quantative 
agreement remains far from satisfactory Prasad et al showed that this agree¬ 
ment can be considerably improved if 3 is assumed to have a temperature depen¬ 
dence, given by 3(f) = co(l — t^). Fig 4 shows that most of the experimental 
points he on the theoretical lines assuming temperature dependence of 3 of the 
above form with 3o - 0 6 and 0 7 Subsequently, various authors have theoreti¬ 
cally looked into the possible reasons for the temperature-dependence of magnetisa¬ 
tion which cannot be explained fully on the Handrich’s model Fahnle^® has 
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attempted the Monte Carlo simulations in disordered ferromagnets for a simple 
cubic lattice Fig 5 shows his results obtained for a finite lattice The high tempera¬ 
ture tails are found to depend on the lattice size but the low temperature data are 
found not to be influenced by lattice size considerations and reproduce the flattening 
behaviour observed experimentally In these calculations consideration has been 
given both for the fluctuations of the exchange interactions (bond-disorder) as well 
as of the magnetic moments (site-disorder) Correlations between the exchange 
fluctuations (correlated bond-disorder) have been found to lead to enhanced flatten¬ 
ing effect in the temperature dependence of reduced magnetisation. By way of 
rationalising the temperature-dependence observed by Prasad et al Kaneyoshi 
and Tamura'*® have considered the possibility of temperature-dependent distribution 
of magnetic moments These authors have justified their approach on the ground 
that the line-widths of the Mossbauer spectra are found to decrease monotonically 
with temperature. However, it is found that the empirical expression suggested by 
Prasad et al gives a much better fit with experimental data than the expression 
of Kaneyoshi and Tamura particularly in the region 0 4 < TjTe <0 7, where the 
deviation is maximum from the Brillouin function This is attributed to the possible 
error m assuming a monotomc function for temperature, dependence of distribution 



T/Tc-^ 

Fio 5 Monte-Carlo simulations of temperature dependence of reduced saturation magnetisation 
(T) for crystalbne, bond- and site-disordered cubic Ising systems and experimental data. 
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as evidended for instance by a quadratic dependence of the Ime-width obtained by 
Narendra babu et al.^^ using a model-independent analysis of hyperfine-field as 
discussed below. 

The broad and overlapping spectral lines in the Mossbauer spectra of metallic 
glasses are attributed to a hyperfine field distribution, P(H), arising from a large 
number of non-equivalent sites A number of methods have been developed to 
analyse the spectrum to obtain P(H). The model independent approach due to 
Window is being widely used for this purpose and modifications for this procedure 
have been suggested®* ®- A representative result of P(H) analysis obtained using 
Window’s method for the amorphous alloy is reproduced in Fig 6. The results of 
such analyses lead to the following observations. The P(H) curves obtained for 
most of the amorphous alloys are smooth, well-defined, structureless and usually 
exhibit a single maximum in the distribution The oscillatory behaviour is an 
artefact due to the truncation of the Fourier series The P(H) curves are charac¬ 
terised by the parameters H(P), the most probable field, A/f half-width and H, the 
average field. The significantly wide distribution in the hyperfine field m 
amorphous alloys may be appreciated from the fact that AiT values have been 
found to be between 60 and 90kOe compared to 43kOe for disordered alloys.^® 
The spread in the hyperfine field at room temperature is found to have a 
range for the value of the magnetic moment from 1.0 to 2 65 /xb, thus indicating 
that the range extends even beyond that of a-iron (2 2 /is). The tempeiature- 
dependence of the average field and the maximum field show trends similar to 
those discussed in the earlier section Mossbauer spectra clearly distinguish 
amorphous alloys which have magnetic inhomogenity from those which do not. 
This may be well illustrated by the a typical Mossbauer spectra reported by Chien®® 
for a-(Fe 32 Ni 3 eCri 4 Pi 2 B 6 ) reproduced in Fig. 7 which may be compared for example 
with Fig 2. In this case, the P(H) distribution shows a pronounced asymmetric 
distribution with two significant peeks which has been attributed to two different types 
of near neighbour environment The Mossbauer results pertaining to phase 
transformations are discussed in the ensuing sections. 

Magnetic Phase-Diagrams 

(a) Nature of the Phases and Comparison with Crystalline Systems 

The nature of interaction between two 3i/-impurity atoms such as Mn, Cr, Fe 
etc , in a non-magnetic host such as the noble metals hke Cu, Ag or, Au has been 
shown to depend on the nature of the impurity atoms as well as those of the hosts 
Concentration of the impurity atoms is the key factor in deciding the nature of the 
interactions. At very low concentration, e g, < 50ppm the interaction is very 
weak This single impurity regime is referred to as the Kondo®® regime At very 
large concentrations, > 20 at per cent, the direct exchange interactions lead to an 
ordered magnetic state In the intermediate concentration range, in the first phase 
between 0 1 and 10 at per cent, the impurites interact strongly enough through the 
RKKY®® interaction but direct exchange forces are relatively unimportant In this 
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Fig 6 Distribution of hyperfine-field at 80 K for a-Fej.Nijo.j, 
Moj-^ieSij alloys (a for v = 6 , 6 for a: = 2 ) ‘‘ 



Fig 7 Mossfaauer spectra of 
^“Fe j^NijtjCTi 4 P 1 >5^ in 
the temperature range 
4 to 260 K 


region, the RKKY-coupling can be both positive as well as negative due to the 
randomness in the distribution of the exchange interactions and is referred to as the 
spin-glass region In the subsequent region with the impurity concentration ranging 
between 10 and 20 at percent, the spin-glass situation coexists with the onset of 
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Fio 8 A schematic magnetic phase-diagram based on the model of Sherrington and Kirkpatrick * 

direct exchange and is variously referred to as ‘cluster glass', mictomagnetism etc 
Edwards and Anderson®’ were the first to suggest a lower magnetic state withou 
long range order with randomly oriented spins leading to spin-glass behaviour 
They proposed a ground state for the system whose order parameter is taken to b 
the spatial average of the square of the thermal average of the spins over a givei 
configuration. Following this suggestion, Sherrington and Kirkpatric®® put for 
ward a model m which the distribution of exchange energies are characterised b; 

a mean value 7^^, a measure of the ferromagnetic exchange coupling and J the widt] 

of the pair exchange distribution Solution of this infinite range model lead 
to the phase diagram shown m Fig 8. Based on the type of interactions discussei 
above, there appear three phases, paramagnetic, ferromagnetic and spin-glass whid 
meet at a multi-critical point (MCP) 

The experimental realisation of magnetic phase diagrams with the abov 
features should be considered to be less than quantitative particularly due to th' 
absence of a clear-cut change over from one phase to another as a function o 
impurity concentrations One of the most well-studied systems m these studie 
pertains to the magnetic phase diagram of Au-Fe alloys constructed from anoma 
lies observed m various experimental results ®* In view of the range of interaction 
that come into question a number of experimental techniques such as ac and d 
susceptibilities, specific heat measurements, muon spin resonance, ferromagnetr 
resonance, Mossbauer spectroscopy neutron scattering studies, Hall Effect etc , whic) 
have been earlier employed to obtain the magnetic phase diagrams for the study o 
impurity interactions between magnetic atoms at various concentrations in crystalline 
systems, have been brought into bearing in the investigation of amorphous magnet 
as well.®“-®® Before discussing the results of these studies it may be stated tha 
among the three phases in the phase diagram, spin-glass has attracted maximun 
attention This term in literature is rather broadly used to refer to a region wit] 
competing interactions resulting in frustration The frustration may occur in an; 
type of materials that include magnetically dilute or concentrated, crystalline o 
amorphous, metallic or insulating Recent works show the inherent difficulties ii 
handling the spin glass problems theoretically as well and re-examme many concept 
such as linear response theory, the concept of low-temperature phase having a lowe 
free-energy compared to the phase at higher temperature etc - 
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Fig 9 illustrates the typical phase diagrams obtained for amorphous alloys.®^ 
The phase-diagram shows a multicritical point with a critical concentration, a 
‘reentrant’ transition as a function of temperature at relatively low temperature 
regions and a para to ferromagnetic and reverse transformation at higher tempera¬ 
tures. Based on these magnetic phase diagram investigations, the following observa¬ 
tions may be made. The amorphous alloys permit study of spin-glass state over a 
wider region of concentration due to more favourable phase diagrams. The phase 
diagrams also show that in very dilute concentrations, the spin-freezing temperature, 
Tf, IS proportional to the concentration of impurity atoms such as Fe, Co, or Mn. 
A nonlinear dependence appears beyond a particular concentration which is 
characteristic of the system m question For instance the linear behaviour is 
observed in FeajPdao-sSico even upto 7 at per cent compared to most other alloys 
such as Fe»Ni8o-*PiaB8 etc , where linearity is limited to much lower concentration 
of about only 2 at per cent The slope of the curve indicating the para to 
ferromagnetic transformation by the change in Te with composition is also charac¬ 
teristically different from system to system Lack of knowledge about the transition 
from spin-glass to cluster glass-type interaction, magnetic inhomogenity, etc, makes 
it difficult to discuss such trends in a definite manner. 

{b) Critical Concentration 

In an alloy of the type where B is non-magnetic, chemical disorder 

leads to percolation At a critical concentration, Xp, many of the A atoms form 
bulk clusters The remaining ones form isolated clusters Thus above .r, magnetic 
ordering sets in and long-range interactions are important. And below .Vp short- 
range interactions are important .Tp critically depends on the range of interaction and 
for the nearest neighbour coupling it is IjN where N is the number of the nearest 



Fio 9 Phase diagrams for three series of a-(A.a;Bi_a,)Pia5«A.lj Dashed lines are from theoretical 
models I(Ref 68) and references therein] 
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neighbours. In amorphous alloys assuming dense random packing N has a value 
between 10 and 12 giving Xp = 0.2 Experimentally observed .Vp values signifi¬ 
cantly deviate from the above value for the following reasons. Most of the systems 
studied are ternary or quaternary systems. Xp as mentioned earlier depends on 
chemical and topological disorder and thus metalloid atoms can be expected to play 
an importont role. The nature of the interactions between different transition 
metal atoms in these systems will also influence Xp This is well brought out as 
shown by the phase diagrams of (y4»jffi_»)75Pi&ff6Al3, where (A, B) and (Fe, Ni), 
(Co, Ni) and (Fe, Mn) where the critical concentrations differ significantly (Fig 9). 
The critical concentrations reflect the differences between alloys w'lth good moments 
such as Fe-Ni, alloys with discontinuous appearance of moments such as Ni-Co 
and Fe-Sn base alloys and alloys with competing interactions such as Fe-Mn, 
Fe-Cr and Co-Mn base alloys. The much higher critical concentration observed 
for Fe-Mn base alloys for instance, is attributed to the antiferromagnetic contribu¬ 
tion by manganese.*® In iron rich amorphous alloys, however, with a distribution of 
interatomic distance, due to the Fe-Fe interaction which significantly differs 
with interatomic distance, no simple explanation can be considered unequivocal. 

(c) Spin Glass Behaviour 

By way of illustrating how different experimental techniques may be employed 
m the study of magnetic interactions both from the point of interest of magnetism 
in amorphous materials as well as in spin-glass phase in general, discussion of some 
of the works reported in literature may be appropriate at this point. A temperature- 
dependent study of low-field magnetic susceptibility on magnetic glasses such as 
fl-(Fea,Nii_»)97Pj3B8 and a-(Feo sNio 8)75Pi6B6Al3 show sharp cusps similar to those 
found in well-established dilute spin-glasses, the maximum shifting to higher tempe¬ 
ratures with increasing values of Temperature-dependence of magnetisation m 
the B alloys show broad maxima typical of reentrant phase transition '® Different 
theoretical models which eithei employ a phase transition approach or invoke a 
spin-freezing mechanism have been proposed to describe spin-glass behaviour.^^’'^^ 
But no single theory fully explains all the experimental features Recently, the 
frequency-dependence of ac susceptibility has been shown to be of value m ascertain¬ 
ing which of the theoretical descriptions, equilibrium or non-equilibriuin phase 
transition metastable state or thermally activated phase change, is more appro¬ 
priate ■“ Such detailed investigations are relatively scarce in literature Ferro¬ 
magnetic resonance has been employed to study the reentrant behaviour in 
fi(-(Fea.Nii_i )75 Pie-BeAlj and n-FCaBioo-x alloys ®^’®® In the iron-boron alloys, the onset 
of spin-glass behaviour is discerned by the observation that the FMR line-widths are 
independent of tempeiature above 130 K but show an incieasing value as tempera¬ 
ture IS lowered, the increase being more significant, lower the iron content The 
temperature dependence of resonance field has been found to be dependent on the 
heating or cooling rates lending credence to the suggestion that the spin-glass state 
IS inherently non-crgodic - The spin-glass transition in ff-FcsSnioo-a, has been 
studied by temperature variations m magnetization A reversible trend close to 
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Tc and an irreversible behaviour below J/ have been observed and the magnetic 
phase diagram obtained. It would be quite interesting to study this system by 
Mossbauer spectroscopy as both iron and tin sites can be examined by this 
technique. 


Critical Behaviour 


The critical behaviour of amorphous transition metal-metalloids mainly pertains to 
ferromagnets. The detailed behaviour of systems undergoing a second order phase 
transition close to the Curie temperature where the ordered state appears has 
attracted great deal of attention in crystalline materials and attempts have been 
concentrated in the study and comparison of similar situations between crystalline and 
amorphous systems and within amorphous systems as well Current approaches 
to critical phenomena pertain to the adherence to the static scaling hypothesis suggest¬ 
ed by Domb, Hunter and Widom It is based on the assumption that close to 
critical point the Gibb’s potential or other equivalent thermodynamic potentials can 
be expressed as a homogeneous function of two variables, the reduced temperature 
€ = (T — Tc)lTe and field conjugate to the order parameter For a ferromagnet the 
order parameter is the magnetisation M and the conjugate field is the magnetic field 
H and near Te H - 0, the equation of state may be written as 


Jf ^ M 


• (2) 


where the db refer to the sign of [ e p is the critical exponent describing the tempera¬ 
ture-dependence of spontaneous magnetisation just below Te with 


M -- {Tc - r)P, {H = 0) 


..(3) 


and Y is the critical exponent describing the temperature-dependence of susceptibility 
above Te with 


Though the functional relation depends on the sign of the static scaling hypothesis 
expressed by eq (2) implies that the normalised quantities,and 
are uniquely related though relate to situations both below and above Te. 
Further, the hypothesis leads to a relationship of the critical exponents of the 
form 

p + T - --- 0, (5) 

where 3 is the exponent for the critical isotherm 

M ^ {T ^ Tc, H^O) (6) 

The scaling hypothesis was put on a firm theoretical ground by Wilson"-" using the 
renormalization group transformation The methods and results of this approach 
have been reviewed The theoietical values of the ciitical exponents have been 
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derived to be p = 03647 ± 0 0012, y = 1 3866 ± 0 0012 and v = 0 7054 ± 0.0011 
for the three dimensional Heisenberg model The soundness of the theoretical 
approach has been demonstrated by careful neutron scattering experiments and 
magnetic measurements on EuO and EuS which gave p = 037 ± 0 015, y = 1 40 
± 0 03 and v = 0 70 ± 0 02J^ The transition metals Fe, Co, and Ni also exhibit 
critical exponents close to the theoretical values within experimental errors The 
major cause of deviation from theoretical values is the existence of long-range 
interactions such as due to dipolar forces in real systems Kadanoff et have 

analysed the influence of these interactions and their analysis is helpful in estimating 
the critical region. Testing the applicability of the scaling hypothesis for amor¬ 
phous ferromagnets is of great interest as a positive answer would imply that these 
amorphous alloys are magnetically isotropic on a microscopic scale and systems 
having a distribution of exchange interactions can indeed exhibit a second order 
phase transformation. The experimental determinations of critical exponents in 
these systems have been carried out using magnetisation data, Mossbauer spectro¬ 
scopy and specific heat measurements The studies have to be naturally limited to 
systems which have curie temperature below crystallisation temperature. One of 
the early investigations in these lines is due to Mizoguchi et al who showed the 
validity of the scaled magnetic equation of state for a-CovoB^oPio Representative 
results for critical constants gathered from published hterature as given m Table III. 
It is seen that the critical exponents except which shows noticeable deviation, 
exhibit values close to the ones predicted from the three-dimensional Heisenberg 
model and satisfy eq. (5) An idea about the extent of critical region may be 
obtained using the relationship due to Kadanoff et al who have suggested that 
long-range interactions are negligible provided 




kTc 


= tcj 


( 7 ) 


where p and 0 have the same significance as discussed earlier and the other terms 
have their usual significance In amorphous alloys the extent of critical region has 
been found to be significantly larger than in crystalline materials For instance, 
in a-FcioNiToRisSii in the critical region j«[ = 0 1 for T < Tc and ( e ] = 0.08 
for T > Te the value of te is determined to be 2 x 10-® compared to 
t c j =- ICh- for crystalline materials.®^ Yet another noteworthy feature that charac¬ 
terises the amorphous alloys is the higher value of p which is found to be close to 
0 41 compared to 0 365 for a Heisenberg ferromagnet (Table III) Several reasons 
have been suggested for the higher values In the light of a Monte-Carlo analysis 
of a 20® spin model with a 2® bond cluster, Poon and Durand®® have suggested that 
the missing exchange bonds are responsible for the higher ^ values. The role of 
defects resulting in higher ^ is supported by the observation that for free surfaces 
p values as high as 0.75 are possible.®® Within the amorphous ferromagnets, those 
contaimng more than one transition metal ions such as u-Fe 32 Ni? 6 Cri 4 PiiS 6 have 
been found to have higher values for the critical exponents In such cases, decom¬ 
position of the data on the basis of two environments has been found to lead to 
values in conformity with other amorphous alloys ®‘* 
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Table in 


Coinpanson of critical constant of amorphous ferromagnets and crystalline systems 




Y 

d 

^-C07o,fi'aoP 10 

0 402 ± 0 007 

1 342 ± 0025 

4 39 ± 0.05** 

tf-FcggP 13 C 7 

0 38 i 0 02 

130 ±005 

447 ± O.OS* 

^“FCgoNl^oP 14,^ i 

0 39 it 0.02 

133 ±005 

4 45 ± 0.07‘ 


0 42 ± 0 02 

135 ±004 

449 ± 0 04« 

fl-PC32'Nl36C^^14pJ 2-^8 

0 43 ± 0 02 

1 33 ± 0 05 

4 43 ± 0 17“ 

Iron 

0 389 

1.33 

4.35"* 

Nickel 

0 378 

1.34 

4 58±0.02« 


“K Yamada Y Ishikawa Y Endo and T Masumoto Solid State Convnun 16(1975) 1335 
OS N Kaul Phys Rev B23 (1981) 1205 


Spin-Wave Theory and Amorphous Magnees 


Whether spin-waves exist under the structural condition of short-range order is of 
interest from the theoretical point of view since m amorphous materials with 
random distribution of atoms the so called “wave-vector'’ k is not a good quantum 
number and no simple description of Bnllouin zone exists Even before the advent 
of ferromagnetic metallic glasses, Herring and Kittel®® fiom field theoretical argu¬ 
ments and Kaneyoshi®’ on a dense random packing of atomic spheres in these solids 
showed that spin-W'ave theory has a wider applicability than originally envisaged by 
the Heitler London-Heisenberg model In the last decade large amount of data 
based on neutron scattering, low temperature magnetisation, Mossbauer and ferro¬ 
magnetic resonance measurements have been gathered to demonstrate the existence 
of well defined long wave-length spin-wave excitations "4'3(,-sst'8s-9o l^ggj^ 

found to follow a normal ferromagnetic dispersion relation, 

= A -b Dk^- + Ek^ -b , (8) 


where A ^ Dk- denotes on effective energy gap resulting from dipolc-dipole interac¬ 
tion At low temperatures, magnetisation, as in crystalline ferromagnets, follows the 
Heisenberg model relations, 



MiT)-] 
M[0) _ 


M(T) 

M{0) 


= BTi- -Y ” -f 




where the symbols have then usual significance Among the man> experimental 
evidences available for spm-w'avcs in these niatenals, those due to neutronscatlcring 
bring to light certain features w'hich cannot be observed otherwise Mook ct al 
have observed in a neutron-scattering study of f?-CoP a “loton-likc" structure with 
a minimum near the wave-vector Q corresponding to the first peak in the stiuctuic 
factor a{k) Alben**^ performed Monte Carlo calculations and attributed the results to 
static structural correlations In neutron inelastic scattering experiments, certain 
peaks appear m addition to those which can be accounted for on the basis of spin- 
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wave excitations. These additional peaks have been attributed to a new type of 
elementary excitation as a result of the randomness of the structure and the term 
‘amorphions’ has been introduced by Handnch It has been shown that the 
dispersion of spin waves may have entirely different structures depending on the 
spatial dependence of exchange interaction ® Evidence for the same is obtained on 
the basis of neutron diffraction experiments On the other hand, magnetisation and 
hyperfine field data from Mossbauer spectra lend themselves to straight-forward 
explanation on the basis of eq (9) The plot of 1 — He!TiT)IHett{0) vs T^l- 
gives rise to linear relationship for (Fea,Nii_»)75Pi6jB6Al3 for x = 0 3, 0 5, 0 65 and 
1 0 Over a wide temperature range as shown in Fig. 10 This has been shown 
to be the case for a number of amorphous alloys such as Fe4(>Ni4o520,^^ FCgiBia s 
Sia-sCa etc , studied by Mossbauer spectroscopyLow temperature magnetisation 
studies also give identical results On the same system there is fair agreement 
in the temperature range over which T®/® dependence is observed.®®’®^’®® A closer 
inspection of these data reveals several differentiating features between crystalline and 
amorphous alloys For a ferromagnet, in the crystalline state, crystal momenta 
are quantised and the conventional spin wave theory leads to the following relation¬ 
ship between B and C in eqn. (2) and the spin-wave stiffness constant D : 



i 1 

( ks > 

|3/2 

.(10) 

o 

II 

r —1 

Sl^B 

M(0), 





where C(3/2) = 2 612 and ^(5/2) = 1 341 are the Reiman zeta functions and (r®) is 
the average mean square range of the exchange interaction and the other symbols 
have their usual significance In crystalline systems it is found that 7^/® dependence 
based on eqn (2) is restricted to 0 ISTe In striking contrast, in amorphous 
alloys r®/® dependence is found to be valid from 0 2Te even upto04re. In 
Fe4oNi4oPi4Se, for instance low temperature magnetisation measurements show r®/® 
dependence upto^OSSTc® Secondly, the values of 5j/2 are four to five times 
larger m amorphous alloys than values observed for crystalline systems and is 
definitely characteristic of the glassy state They all exhibit comparable values for 



Fig 10 Plot of l-HeuiTyHac^O) vs in 
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the coefficient of term The values obtained for various systems are compared 
with crystalline systems in Table IV Chien and Hasagawa®® have explained the 7^/® 
dependence over a wider temperature range on the basis of the relative values of B and 
C m eqn (9) For crystalline ferromagnets st 1 and for amorphous ferro- 

magnets it is significantly less and is /~0 3 It has been shown that such a result can 
be computer simulated for an amorphous ferromagnet with damped short-range 
interactions.®’ This implies that a description by localised spins with short-range 
interactions is closer to the real situation in amorphous ferromagnets. The large 
B also implies smaller D, the spin-wave stiffness constant In general, that the 
stiffness constant D of amorphous ferromagnets is less than that of corresponding 
crystalline ferromagnets implies that spin waves m amorphous ferromagnets have 
lower energies of excitation This is in agreement with the theoretical result of 
Tahier-Kheli’s®® random bond model where the density of states pam{W) is shown 
to have a form reproduced in Fig 11 The result also will mean that as tempera¬ 
ture increases magnetisation falls more rapidly m amorphous systems than for the 
crystalline systems which are composition-wise comparable and the cune temperature 
is lower for the amorphous ferromagnet. These results are in broad agreement with 
experimental observations ® 


Table IV 


Comparison of critical constants for amorphous ferromagnets and crystalline systems;’**** 



5(10-6K-«/S) 

CllO-oK-®") 


Cs/a 

Tc(K) 

FC75P 

18 6 
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Fig 11 A schematic representation for the spin-wave density of states in an amourphous ferro- 
magnet. 
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A scrutiny of the published low temperature neutron diffraction and magnetisa¬ 
tion data in crystalline ferromagnetic metals shows a linear correlation between 

and IjB ** Similar is found to be the case for amorphous ferromagnets as well 

with however the essential difference that the data he well below those for crystal¬ 
line ferromagnets Such a linear correlation between Biii and Tl'^ means that D is 

directly proportional to Tc This is subtantiated by the observations on a-Ft-B-X 
(J = P, C, Si, Ge) and Fe4oNi4(kBio_a:P» alloys It has been however pointed 

out that extrapolation of these data lead to zero D values for finite value of T«, a 
result inconsistent with the prediction of a theory proposed by Katsuki and 
Wohlfarth'°^ based on the itinerant electron model Such a discrepency may be 
attributed to errors in extrapolation from large Tc values Kaul,®® on a similar 
investigation has shown that amorphous nickel-nch transition metal-metalloid alloys 
having a wide range of Te values show a linear relationship between D and Te 
Such a plot is found to have a finite D value for Tc = 0 whereas for the nearest 
neighbour Heisenberg model for 5 - 1, the theoretical variation predicts D = 0 
for Tc ~ 0 (Fig. 12) This has been explained by assuming a relationship of the 
form /> = £>5 -f mTc Similar result has been obtained for the amorphous alloys 
(Fci-«Nia)77SiiouBi3 and (COi_*Ni)75Pi«56Al3.^®^’'®^ This result viz , the plot between 
D and Te has a positive intercept for r == 0, has been explained in terms of direct 
exchange interaction involving not only the nearest neighbours but also the next 
nearest neighbours 

In principle, measurements leading to spin-wave stiffness constant D should be 
considered by considering both spin-wave and single particle excitations. It turns 
out that the latter contributions are not significant m n-alloys such as Fe 4 oNi 4 oPi 456 , 
Fe-Ni-P-B alloy** This, however, is not always the case The itinerant 
electron model, although is conceptually more difficult to apply, it is considered 
to be more appropriate as it encompasses many of the ‘localised’ features as well 
Wohlfarth^"^ has attempted a judicious blend of theory and empiricism to enable 
experimentalists to apply the itinerant electron model to complicated alloys, such as 
the amorphous magnets Within the Stoner-Wohlfarth model for homogeneous weak 
Itinerant ferromagnets the following relations are obtained — 
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Fig 12 Spin-wave stiffness constant D vs Curie temperatures of various transition metal- 
metalioids ** 
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^/) The functional dependence of magnetisation on the field /f and temperature 
T IS given by 

[<,(«■, D]' = [a(0, 0)]> [l _ ( xy] + 2x(fi. 0) [f (^^)1 (12) 

where x(0, 0) is the zero-field differential susceptibility at 0 K This relationship 
implies that [a(/f, T)]' v^. Hja{H, T) isotherms in the temperature range T ^ T/ 
where Tf is related to the density of single particle states at the Fermi level, should 
be a set of parallel lines. These plots are referred to as the Arrot Belov Kouve! 
(ABK) plots 

(ii) The above mentioned isothermal plot should pass through the origion for 
r = Tf The slope and intercept of such a plot gives 2x(0, 0) [o(0, 0)]^ and 
[e(0, T)f which according to eq. (12) is equal to [©(0, 0)]® [1 —{TjTc)f, respectively. 
This result means that ©-(0, T) rs, T~ plots should be linear. ©(0, 0)“ 7^ 

a( 0, 0)“^ |C — Ccritl where and qt are the magnetic moments 

per atom deduced from the Curie Weiss constant and saturation magnetisation 
respectively. In the exceptional case of a-Y,Nii_* the linear relationship between 
q{H, TY vs r* has been observed both over a very wide range of temperature as 
well as concentration The ABK plots which have been obtained for several 

amorphous alloys such as u-NisiPie, iJ-Ni48.;Cusi s, M^Ztio (M = Fe, Co, Ni) do 
show linearity over a wide range of T) value.^®*’^*’® These plots show 

curvatures which change from converse to concave as T passes from values above 
Te to below Tc and are almost symraetical about Tc- The deviations from linearity 
at low fields has been attributed to concentration fluctuation of the magnetic atoms 
within the ferromagnetic phase 
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METAL INSULATOR TRANSITIONS 

T V Ramakrishnan 

Department of Pfiysic^^ Banaras Hindu University^ Varanasi-221005^ India 
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A metal may turn insulator due to increasing electron correlation (Mott) or 
disorder (Anderson) or electron lattice coupling, or a combination of these 
The first two mechanisms are reviewed here briefly Attempts to describe 
what happens when both are present, are also summarized Finally some 
comments are made on criteria for the transition, effects of electronic (in) 
commensuration and disorder as well as on heavy fermions 

Key Words : Metal Insulator Transiticwis; Mott Electron Correlation; Aoderson 
Hisorder; Electron Lattice Coupling; Heavy Fermions; 

Couloment Interaetions; Orbital Effects; Doped Semiconductors; 

Electronic Incommensiiration 

Introduction 

The transformation of a substance from metal to insulator on varying a physical 
parameter such as temperature or pressure or disorder is often due to a basic change 
m electronic bonding In the solid state, the change is best studied through physical 
properties and thus the subject is of interest both as chemistry and physics. In 
spite of extensive work in this field by chemists and physicists, and a general 
agreement on model patterns, we are far from a full understanding of the phenomena 
In this brief review, I shall sketch some simple models, and will conclude with some 
comments The subject has been extensively discussed many times, the book by 
Mott^ IS a comprehensive and unique survey of the expeiimental and theoretical 
situation as of a decade ago. A recently published Festschrift for Mott describes 
the present state of the subject - 

Some of the questions involved are most easily brought out by considering a 
model system, namely a periodic lattice of hydrogen atoms, first discussed by 
Mott The lattice structure is assumed to remain uncharged, so that the single 
relevant variable is the lattice constant b If b is small, electromc overlap is large, 
and the system a metal according to one electron band theory, the highest 
occupied band being half full The electronic states are best described as molecular 
orbitals. On the other hand, suppose b is very large (i e 6 ^ c/q the Bohr 
radius), the system is then best viewed (to zeroeth order) as a lattice of isolated 
hydrogen atoms, i e a Heitler London or atomx description is a good starting 
point In this limit, electron motion is activated, the activation process being 
the removal of an electron from ‘its'" proton and attachment to a neaiby neutral 
atom The activation energy 13 (/ ^ I — I being the lon.zation eneigy and A 
the electron affinity The system is thus an insulator In tlie band picture, the system 
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always ought to be a halffilled band metal, albeit with a greatly reduced bandwidth 
as b increases In fact, however, one expects to pass from a metal to an insulator, 
because the nature of electronic states changes from extended and uncorrelated 
(band like) to localized and correlated (atomic like) What is the natuie of this 
transition‘d Does it occur at a critical value be of the lattice constant 6‘d Is it 
continuous or discontinuous'd How do measured properties such as electrical 
conductivity, electron excitation spectrum and magnetic susceptibility vary across 
the transition'd Is it accompanied by structural and magnetic changes“d 

One can sense, from the fact that the two phases are most simply described in 
very different chemical terms, that the theoretical problem is difficult Experimen¬ 
tally, the above questions have been extensively investigated for a large number 
of substances; an important question is the relationship between these observations 
and predictions of the above simplified model Another question, first discussed by 
Mott,^ is of experimentally studying hydrogenic systems so that the basic 
phenomenon of correlation driven metal insulator transition (Mott transition) can 
be most clearly exhibited Mott pointed out that since shallow donor and acceptor 
states are large and hydrogenic, the insulator metal transition that occurs with 
increasing dopant concentration ought to be an attractive possibility. 

However, even in the relatively simple model case of a hydrogen atom lattice, 
a number of complications are possible, and do occur For example, the actual 
low density ground state is a lattice of hydrogen molecules. In the above descrip¬ 
tion, this possibility, namely that of unit cell doubling by lattice deformation has 
been ignored Since now the unit cell has two electrons, the system can be insulating 
even m one electron band theory. The metal insulator transition can thus be driven 
by electron ion or electron lattice interaction rather than electron correlation. The 
actual nature of the proposed model system, e.g., phosphorus-doped silicon, points 
to another factor, namely disorder. The physical parameter in Si : P is the 
phosphorus density n, the critical value for the insulator metal transition being 
= 3 8 X lO'*/ c c The system is hydrogenic and the electron lattice interaction 
effect is weak since the basic electronic scale is at =: 30A, much larger than the 
lattice constant Houever, since phosphorus atoms randomly substitute Si atoms, 
one does not have a periodic system The quantum mechanical matrix elements 
for an electron to hop from one P atom to the next vary over a very wide range 
It was first realized by Anderson® that this kind of randomness by itself (i e 
even in the absence of correlation) can localize electronic states The question of 
whether the observed metal insulator transition m P doped Si arises from correla¬ 
tion or disorder or from a combination, is still not settled, as we shall see 

In the succeeding section of this paper, we leview the Mott transition 
(Section II) and the Anderson transition (Section III) The former is discussed 
mainly m a simple model due to Hubbard®’^ and a number of realistic features 
Ignored in the model are mentioned In Section IV, we outline the present 
theoretical understanding of metal insulator transitions with both disorder and 
interaction effects present The propertie*. of the experimentally well-studied Si P 
system are then described (Section V) We conclude with comments on the possible 
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range of phenomena near the metal insulator transition, and point out how 
detailed experimental studies can point to the mechanism or mechanisms involved 
(Section VI) 

II Mott Transition 

Perhaps the simplest model for correlation effects in solids goes by the name of 
Hubbard One imagines an orbitally non-degenerate atomic state at each lattice 
site i , thus there can be zero, one or two electrons (one with spin up and the other 
with spin down) at the site/ The energies are 0, €,» and (e»t -4-c + U) 
respectively. The extra energy cost t/ of a two electron configuration is the sole 
measure of correlation. It is effective only on site. An electron hops from site i 
to site / with an amplitude tt, Usually t,i is taken to be nonvanishing only bet¬ 
ween nearest neighbours, z m number, and to have the same value of t for all of 
them The model is then characterized by single dimensionless ratio (zt/U) and by 
a (kinetic) energy scale zt As (ztjU) decreases, one goes over continuously from a 
molecular orbital to a Heitler London limit. The Hamiltonian is 

ff = S o-/ij O’ -{“ S fij ...(1) 

1,0 ij,e 

The electron density or the average number ne of electrons per site is another 
imporant parameter. 

The system described by the above model Hamiltonian clearly has a metal insu¬ 
lator transition for exactly ne = 1 (one electron per site) when U is sufficienth large 
In general, a system can be insulating for any commensurate filling, i e integer 
number of electrons per site, if correlation effects are strong In the insulating 
phase, since the spin of the electron is localized as well, the solid has magnetic 
moments They interact antiferromagnetically, with the nearest neighbour coupling 

energy (/fyi/) so that the ground state is antiferromagnetically ordered It is an 

interesting but scarcely explored prediction that for 9 ^: ], the system is a metal no 
matter how strongly correlated it is. The reason is that the extra electrons or holes 
(for ih > 1 or //< < 1 respectively) are always mobile, there being more equivalent 
sites than carriers. 

The possible phases of the Hubbard model have been investigated mainly in the 
one body or Hartree-Fock approximation** The correlation term which 

depends on the actual number of up and down spin electrons at site i is approximat¬ 
ed by the spin potential due to the aveiage number of electrons of the other spin, 
1 e one writes 

Uru\ni^ ~ Uih^ < Un,^ < /i,^ > — t/ < /i»f > < //i; < ( 2 ) 

Now since the number of electrons per site <n,^ > < //, 4 . > = / 7 . 1 s fixed, 

there is one unknown parameter, i e ,the magnetization Wi = < > — < ihi^ > 

per site This parameter is determined in the usual way, 1 e the ground state of the 
approximate Hamiltonian of eqs (I) and (2) is found, the quantities {m,} calculated 
from this, and the process iteiated to self-consistency It is not possible to do this 
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exactly, the problem being one of solving the electronic structure of a system with an 
arbitrary random one body potential (Anderson localization) Several simplifica¬ 
tions are usually made It is assumed that the magnitude m of the moment is the 
same at each site and that only the direction (up or down) is a random variable An 
approximate method of calculating electronic structure of random systems, e.g. the 
CPA (which misses localization altogether) is then used Detailed calculations of 
the ground state energy, the optimum value of m, the density of states, conductivity, 
etc for spatially disordered as well as ordered configurations of local magnetic 
fields have been made.® We now mention some of the conclusions 

The one electron density of states developes a gap when (U/z/) > 17 e ~ 1 
This (Hubbard) gap increases with U, and for U > Uc{zi), goes over to the limiting 
value namely U. If the lower band of states is exactly full, as happens for iz® = l, 
then one can have activated carrier excitation and transport for U > Ue (zt), and 
thus an insulator. Calculations indicate the possibility of a magnetic metal, i e a 
non-zero moment m, but no gap in the excitation spectrum A schematic phase 
diagram for the half-filled case is shown in Fig 1 In the weak correlation limit 
one has a Pauli paramagnetic metal (marked M). With increasing U, moments 
develop (Af') and the ground state may be a magnetically ordered metal As U 
increases, a Hubbard gap opens, and the system is an antiferromagnetic insulator 
(AFI) at low temperatures and an insulator with magnetic moments (/) at high 
temperatures. The transitions are generally second order, and some of the boun- 
danes, viz , M' I are notional, being based on a feature in an approximate conduc- 


(KT/t) 



(U/zt) 


Fig 1 A schematic phase diagram for the Hubbard model in the temperature (kgTjt) and correla¬ 
tion (U/zt) plane, after Economou ® Phases shown are metallic (M), metalhc with moments 
(Af ), antiferromagnetic insulator (AFI), and insulating (I) Transitions are continuous 
except where shown by full hnes 
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ctivity calculation A region of first order transitions (shown by full lines) may 
also be an artefact of the approximations used. 

The one body approximation is a symmetry breaking mean field theory It 
breaks the symmetry between up and down spins even in the paramagnetic state, e g. 
M’ and I, where moments are present but not ordered. The mean field is the local 
magnetization. The approximation is a good first order theory if the mean field is 
large m i=s 1) and transitions between the two broken symmetry solutions at each 
site (i e ± w) 1 e. spin fluctuations occur only on a long time scale. Deep inside 
the insulating regime, it is indeed true that m is close to unity, spin fluctuations are 
slow (rate F ei zt^JU), and that charge or valence fluctuations are strongly suppres¬ 
sed because of strong correlation effects. However, in the metal insulator transition 
regime, charge fluctuations, spin fluctuations, temperature and mean field all have a 
comparable energy scale, so that the Hartree Fock approximation is specially bad, 

A different kind of approach which emphasizes local correlation effects is due 
to Gutzwiller ® Brinkman and Rice^° pointed out its relevance for the metal insu¬ 
lator transition due to correlation. The idea is to write down an approximate 
ground state wave function incorporating correlation effects, these discourage double 
occupancy of any site. The wave function is 

4^0 = n [I — (1 — (3) 

I 

Here is the uncorrelated or free Fermi or MO ground state which is exact for 
^ = 1. For g = 0 , It is clear that the ground state has no doubly occupied sites. 
The parameter g is thus a measure of correlation and is determined variationally. 

An approximate calculation shows that g 0 as ->■ C/c = — 8 S h As the 

fc(occ) 

Hubbard correlation increases towards Uc, electrons get locked to their ‘respective’ 
sites, 1 e there is both spin and charge localization This is reflected in both the 
spin susceptibility and effective mass diverging as (Ue — £/)“’ One thus has a 
strongly correlated heavy Fermi system on the verge of transition to a correlation 
localized or Mott insulating phase The approximation thus provides an attractive 
picture of the situation near the transition However, the insulating phase, and 
ordering therein are not described, nor are the r 0 properties Spatial correlations 
are completely ignored 

Metal insulator transitions m transition metal oxides, with V2O3 being the most 
extensively studied example, do have features of the sort discused above. The phase 
diagram of VjOg doped with Cr and Ti (supposed to uniformly dilate or contract 
the lattice) is shown in Fig. 2 There is a metallic phase, an antiferromagnetic 
insulating phase and disordered insulating phase. The transitions are all first order 
except that the M-/ transition ends in a critical point The broad similarity between 
Figs 1 and 2 is apparent The observed transitions are probably first order because 
of electron lattice coupling However, the magnetic susceptibility, electronic 
heat capacity, and coefficient of resistivity are all enhanced by a factor to 20 

to 50 with respect to typical transition metal values This is suggestive of 
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ft Ti^ 

0 04 0 00 0 04 



Fig 2 Phase diagram for ViOj alloyed with Cr and Ti Metallic, insulating and antiferromagnetic 
insulating phases are shown Full and broken lines indicate first order and continuous 
transitions respectively 


Brinkman-Rice type of critical correlation effects preceding a metal insulator 
transition The fact that the resistivity of the metal near the metal insulator 
transition is very high implies also that strong disorder effects are present 

The main conclusion is that even for this simple model, the nature of the metal 
insulator transition is not understood in detail 

Shortcoming of the Model 

The Hubbard model does not describe realistically any known physical system. 
Some of the features which could be relevant and have been left out are the 
following 

Orbital Effects Metal insulator transitions occur most commonly in systems 
based on transition metal atoms which have large orbital degeneracies N. Atomic 
and solid state features such as Hand’s rule coupling, configurational splitting, spin- 
orbit coupling, crystal field lifting of orbital degeneracy, are all neglected These 
degrees of freedom may have qualitative effects, e g orbital superlattice formation.^’- 
An important quantitative consequence could be that intersite energies are disfavour¬ 
ed by a ( 1 /iV) factor relative to intra or single site energies ’ 

Another recently discussed effect is due to the presence of other bands, e g. 
states of ^ or p local symmetry An example is NiO, an insulator due to correlation 
effects The lowest excitation gap (e g the conductivity gap) is not f/jj 1 OeV, 
but is about 2 eV, this being the energy required to remove an electron from the filled 
Oxygen p band and to put it into a Ni i-orbital Such a system is most naturally 
described as a charge transfer insulator A one site theory of energy level spectra 
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of such systems has been discussed recently by Sawatzky and Allen,comparison 
being made with photoemission experiments. Hufner^^ has recently suggested, on 
the basis of such data and charge transfer spectral energies, that in the M series, 
the first half atoms (e g. Ti, V) are likely to form Mott insulators with Uai as the 
relevant electron'c gap (Mott insulators) while those in the second half (e g Fe, Ni) 
are likely to form charge transfer insulators It should be noted however that 
electron correlation is the basic cause of the insulating phases in either case. The 
second class of systems are best described as Anderson lattices, i.e as lattice 
generalizations of a model foi a magnetic impurity in a metal involving correlated d 
or/ states, conduction band s oi p states, and hybridization or admixture. 

Coulomb Interaction In the Hubbard model, electrons interact only when 
on the same site In fact, the coulomb interaction is unscreened and of long range 
for the insulator Mott^ pointed out that consequently the ‘electron’ ‘hole’ excita¬ 
tions (with respect to the lower Hubbard band filled ground state) attract and 
form bound states The system thus continues to be insulating unless the number 
of electrons and holes is large enough so that the screened interaction is too 
weak to bind At this point there is a discontinuous jump in the earner density, so 
that the insulator metal transition is first order. Thus the coulomb interaction 
because of its long range can change the character of the transition The argu¬ 
ment relies on the ‘electrons’ and ‘holes’ being well defined (long lived) excitations. 
For U a Ue (zt) the Hubbard gap is small, and this assumption may be incorrect. 
The question is not settled, especially since the hydrogenic system Si P has a 
continuous metal insulator transition 

Electron Lattice Interaction . The electronic energy depends strongly on ionic 
positions for d electron as well oxygen and chalcogen states Especially when 
the electronic state tends to localize, this electron lattice interaction is effectively 
stronger, and almost mevatibly causes lattice distortions The interplay between 
correlation and electron lattice distortion has not been explored seriously except for 
one dimensional systems We briefly mention here two ideas developed for the 
situation where electron lattice interaction only is present It is generally believed^® 
that when electron acoustic phonon (lattice distortion) coupling A exceeds a certain 
strength the local distortion produced by the electron traps it (small polaron) 
Thus with increasing A, there is a very rapid increase of electron effective mass around 
a particular value Ac This is obviously relevant to metal insulator transitions m two 
ways Such as a very narrow band system can become insulating with even a 
modest correlation U Secondly, correlation can help in selftrapping. The other 
idea concerns the possibility of a bipolaron formation Two close polaions 
may be more stable due to the extra lattice distortion caused lowering of 
energy than two polarons far away which repel each other because of the coulomb 
interaction Interestingly, there also seems to be a regime where a small bipolaron 
IS stable whereas two small polarons are not. In a lattice, such a bipolaron forma¬ 
tion could be the driving force for a characteristic metal insulator transition to a 
molecular crystal like phase which is a diamagnetic dimerized solid. The transition 
IS most likely discontinuous. 



224 


T V RAMAKRISHNAN 


Disorder The high electrical resistivities of the metallic phase near the 
transition and their anomalous dependence on temperature imply the existence of 
strong disorder The theory of strongly correlated and disordered systems is not 
well developed, but there has recently been considerable progress in the theory of 
disordered electronic systems close to localization (Anderson localization) We 
now discuss this route to the metal insulator transition. 

in Anderson Localization 

Consider for concreteness a model similar to that used above, i e eq (1) However, 
one assumes that there is no correlation between electrons, but that the energies 
e, at the sites i are random The randomness can be characterized by a spread of 
width W. Anderson® showed that when this exceeds a critical value, an electron 
locates itself around an appropriate potential fluctuation so that the state is 
spatially locahzed rather than extended as it is for weak disorder The critical value 
Wc, i e the ratio (Wjzt) depends on the energy of the electron, and the dimensionahty 
as well as the connectivity of the lattice. The consequences of this localization 
were first spelt out by Mott’^*’®® Since the localization criterion depends on 
electronic energy, some states are extended and others localized for a given disorder 
The sharp energy separating these is the mobility edge A system is metallic or 
insulating depending on whether states near the Fermi energy are extended or 
localized. Now, with increasing disorder or decreasing Fermi energy or a combina¬ 
tion of the two, the mobility edge energy crosses the Fermi energy and the system 
goes insulating This type of metal insulator transition (Anderson transition) has 
been observed m a large number of systems, e g, atomically disordered metal 
semiconductor composites (Nb» Sii_«, Au® Gei_a,. ), granular metal systems, 

metal inert gas mixtures . Our present understanding of the transition is 

summarized below 

If the single particle energy ci is the same at every site /, one has an electroni¬ 
cally periodic solid, and the eigenstates are Bloch waves For weak disorder (i e 
W zt), the Bloch waves are scattered occasionally. The residual or r = O 
conductivity a is given in terms of the mean free path / by 

»=(||)(W), ( 3 ) 

where n is the electron density and kp is the Fermi wavevector As disorder 
increases, the mean free path decreases This mode of description fails when mean 
free path becomes of the order of or smaller than the interatomic spacing, i e for 
kpl ^ 1 . This IS the minimum possible conductivity of a metal, a concept due to 
Mott 20 The minimum metallic conductivity of a metal m three dimensions is 

®min (^ 73 £n®) kp and in two dimensions it is We note that 

these values, involving quantum diffusion depend on Planck’s constant h, and that 
m two dunensions amm depends only on fundamental constants The conductivity of 
a metal drops abruptly from amin to zero at the metal insulator transition. There 
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is a very large amount of experimental avidence for a change of transport regime in 
disordered systems near dmin. For example, the temperature coeflBcient of resistivi¬ 
ty changes sign when cr Omin- In many cases the boundary between metal and 
insulator does seem to be at cmin Howerver, careful recent experiments at low 
temperature very close to critical disorder strongly suggest that zero temperature 
conductivity actually goes continuously to zero at the localization transition (see 
below). 

On the localized side of the transition, as the metallic phase is approached, the 
localization length ^ increases and diverges, e g ^ ( W~Wc)~^ where Wc is the 

critical disorder The polarizability goes as and ignoring local field corrections 
in this random system, the static dielectric constant c also diverges as of 
(W — We)~^ In this picture, the localization transition is asymmetric, discontinuous 
from the metallic side, and being continuous from the insulating side The 
asymmetry is due to neglect of interference effects in the former regime. Localiza¬ 
tion IS due to destructive interference of waves scattered repeatedly back and forth 
in the random medium Just above critical disorder, the interference a effect localizes 
electronic states over a diverging length scale 5 However, just below critical 
disorder it is assumed that this interference has no effect on physical properties so 
that the conductivity a has the same value at all length scales larger than the mean 
free path I 

In the scaling theory of localization®^ account is taken of scale dependent inter¬ 
ference effects The localizing process is singular backscattenng The amphtude for 
an electron to go from one point to another is a weighted sum over the partial 
amplitudes for various paths On these, consider the ones with a loop. This loop 
can be transversed in opposite senses (in the random medium) and 
the partial amplitudes are the same Thus the probability (amplitude®) for return 
to the origin of the loop is enhanced because of backscattenng interference 
Neighbouring paths mute this effect, but it is still crucial in three dimensions 
Based on this idea, the zero temperature conductivity near We is seen to be 

The first term in the last equation is the Mott cmin and the second term is the 
reduction due to quantum interference The conductivity thus goes to zero 
smoothly, being characterized by a length which diverges the same way as the 
localization length ^ on the other side This is just like any continuous phase transi¬ 
tion with a single diverging correlation length A detailed analogy with a phase 
transition is possible using a field theory mapping of the problem due to Wegner 
The diffusion constant is analogous to the spin wave stiffness of a ferromagnet In 
the localized regime, the effective spin wave stiffness at long length scales is zero 

In addition to the above, a number of detailed predictions for transport 
properties, e g temperature-dependence of resistivity and for magnetoresistance 
are possible. They are all based on the idea that backsattenng interference is cut 
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off by temperature (inelastic scattering leads to incoherence) and by a magnetic 
field (which introduces a phase difference between the two oppositely traversed 
loop paths). The former implies that quantum interference effects decrease with 
increasing temperature. This means that resistivity can decrease with increasing 
temperature even in the metallic regime (i e one with a {T = 0) ^ 0). Also, a 
(Jmin like behaviour can be inferred from higher temperature observations The 
mangnetoresistance is negative and has a characteristic VH dependence in high 
fields 

A number of experiments have confirmed these preditions in great detail 
(including those for two dimensional systems) It is generally believed, since m a 
number of cases a < a min fi^s been observed with the dependence of eq. (4), that 
the localization transition is continuous (see however the detailed analysis of Mobius 
for a contrary view®®) We now turn to a discussion of what is expected when 
disorder and interaction are both present 

IV Disordered Interacting Systems 

Most theories of such systems are perturbative, i e they describe the weakly disor¬ 
dered, weakly interacting metal, and seek to extrapolate from this limit. Perhaps 
the only exception is the theory of Efros and Shklovskifi® for the coulomb interac¬ 
tion effects in the highly localized regime (I e extremely strong disorder). Altshuler 
and Aronov were the first to realize that in a disordered system interaction 
effects are characteristically different The extension of these to the metal insulator 
transition regime, using scaling ideas, is due to McMillan®® and a number of others 
There are no theories yet which treat interaction or correlation effects exactly or 
accurately enough to lead to the Mott transition, and include disorder effects. 

In a disordered medium, electrons move diffusively, i e separation increases as 
the square root of time rather than as time This effectively enhances the interaction 
and makes it retarded For example, the probability for an electron to be at /• at a time 
t starting from r == 0 (at t ~ 0) n P {t, t) fl/D/)®/-’ exp (— r‘lDt) Thus the 

probability that two initially close electrons stay close (r 0) is proportional to 
Two such electrons with energy difference jE stay coherent for a time 
i WE), so that the probability that they stay near each other and interfere is 

WE) 

P (E) =1 I P(r) dt ( 5 ) 

0 

This leads to several characteristic and novel effects, some of which arc listed 
below — 

(i) There is square root cusp Z N {E) m the density of states N{E) as a function of 
energy E (with respect to the Fermi energy) The cusp is generally a dip, and is 
given by 

S N{E) _ F(0) N{Q) 

N{0) 4Tc®(dn/d^) 2)^2 )) ’ 
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where V (0) is the zero range interaction strength, and (dn/d^), is the compressibili¬ 
ty The effect obviously becomes stronger with increasing disorder (decreasing D) 

(ii) There is a V 3^ term m resistivity, the sign depending on details of interaction 
strengths m various partial wave channels. It is generally negative 

(ill) There can be a positive magnetoresistance due to spin splitting, with a. H 
field dependence for (xH > ksT 

(iv) There is a temperature-dependent spin susceptibility enhancement. 

(v) Inelastic decay rates, e g due to electron electron interaction are enhanced. 
For example in three dimensions, the rate is T (E, T) {max 
{E, T)fi^ m contrast to the quadratic dependence for pure system. Con¬ 
sequently, inelastic mean free paths are much shorter in disordered systems 
than in clean systems 

Many of these effects have been quantitatively confirmed in metallic glasses, 
disordered metals, doped semiconductors etc 

Interaction effects clearly become more pronounced as disoder increases 
Also, as the density of states depletion becomes larger, screening becomes poorer, 
and the interaction strength increases. Thus there is a nonlinear feedback effect 
leading to an interaction and disorder dominated metal insulator transition. A 
schematic scaling model for such a transition was first presented by McMillan®® 
and more carefully and extensively by Finkelshtein®’ and Castellani et aj A 
number of scenarios have been worked out, we summarise two below — 

One is interested in the effective interaction between electrons at long length 
and time scales, given their values at short scales I (mean free path) and x (collision 
time) respectively. This eflective coupling is influenced by diffusive electromc 
motion and by interaction between various modes (density fluctuations, spin 
fluctuations, electron pairs) It is obtained by progressively integrating out ejGTects 
on length and time scales longer than / and t respectively The modes can be 
characterized by total spin, which is conserved. The spin singlet (S = 0) electron 
hole mode corresponds to an orbitally symmetric, mainly isotropic (j-wave) 
scattering and describes pure density fluctuations in the latter case Similarly, the 
5 = 1 or spin triplet mode with p-wave orbital character, describes spin fluctuations. 
We ignore higher 1 partial wave interaction In the particle particle channel, only 
the L — 0, iS = 0 or Cooper channel is considered significant The model is thus 
characterized by three parameters corresponding to bare interaction strength in 
these channel, and by a diffusion constant D The scaling theory with these four 
scale dependent parameters has not yet been solved We mention two special cases, 
considered to leading order m D~^ 

(i) Singlet Only : This can be experimentally realized if there is considerable 
scattering by magnetic impurities Such scattering leads to non-zero energy for 
long wavelength spin fluctuation and Cooper modes One then has a system of 
only density fluctuations coupled by the coulomb interaction. Altshuler and 
Aronov®® show that the metal insulator transition is continuous with cj-^0 according 
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to the exponent unity The dielectric constant diverges with the exponent ('3/2), 
the density of states at the Fermi energy vanes as exp {-1/8 (In T)^} and the ac 
conductivity as The conductivity exponent is the same as for pure localization, 
though the other exponents are different. 

(ii) Singlet and Triplet Suppose paiticle scattering is neglected The 
effective spin-spin coupling becomes very large on scaling, and indeed diverges at 
a finite length scale h At this length scale, density diffusion is non-zero, but spin 
diffusion vanishes. The spin susceptility also diverges One thus has a metal 
with clump of frozen magnetization on a length scale h, i.e a local moment 
Unfortunately, the perturbative scaling approach breaks down when coupling 
constants become large, and the above result for a T = 0 spin localization transition 
preceding a metal-insulator transition is only suggestive 

V. Metal Insulator Transition in Doped Semiconductors 

We discuss this specific case because it has been studied experimentally in great 
detail, and because the system is relatively simple As mentioned earlier, the 
uncompensated shallow donor/acceptor system is close to Mott’s model for a 
lattice of hydrogen atoms except for considerable variation in intersite hopping 
energy The earliest prediction was that because of electron hole attraction the 
transition would be first order, marked by a discontinuity in the carrier concentra¬ 
tion. The observed transition is continuous If the short range correlation or 
Hubbard U is the dominant interaction, then the transition (Hubbard-Mott) is 
continuous, from a localized spin insulator to a paramagnetic metal With increas- 
mg compensation, correlation effects are reduced, and if randomness predominates, 
one expects an Anderson or localization transition. Mott suggested that this might 
continue to be true even for uncompensated systems We thus have a variety of 
predictions depending on the dominant mechanism. 

Experimentally, the conductivity of Si P goes continuously to zero at the 
T — 0 metal insulator transition, which occurs for /7/> si 3 SxlO^Vcc The 
exponent is half for uncompensated systems^® and seems to be unity for com¬ 
pensated ones®°’®- as also for a unmber of other systems The conductivity 
exponent is u.nty m localization theory as also in one version of disordered 
electron gas theory (density fluctuations only, see above) An exponent of half 
is possible for a noninteracting disordered electron gas if singular backscattering 
effects are suppressed by magnetic impurities or a magneuc field The static 
dielectric constant of insulating Si P diverges with an exponent of unity ^ No 
theory yet predicts this exponent but the latio of this and the conductivity exponent 
IS two, the value expected in localizahon only theory, if only one scale parameter is 
relevant 

There is an increasing body of evidence pointing to stiong spin correlation 
near the metal insulator transition in doped semiconductors Fust, far away from 
the tiansition, characteristic resistivity and magaetoresistance anomalies have the 
ngh^ size, and Sign Secondly, spin Jab ice relaxation rates lu the metal near the 
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metal insulator transition are singularly enhanced going as rather than as T for a 

Fermi system. This implies critical slowing down of spin diffusion, i.e. spin 
localization. Very recently, careful low temperature spin susceptibilty measure¬ 
ments®® show a large rise at temperatures below about 50mk A siimlar but more 
modest specific heat increases m metallic systems farther from the transition has 
been observed earlier®" All these observations remain basically unexplained, 
though an obvious suggestion is that a Brinkman Rice kind of enhancement, charac¬ 
teristically modified by disorder, is present near the transition 

The ac conductivity just on the insulating side has been measured recently 
It is linear in frequency, and the coefficient diverges as the dielectric constant e 
Bhatt and Ramakrishnan®® argue that this is direct evidence for Efros Shklovskii 
type of long range coulomb effects In their absence, the coefficient would diverge 
as e®'® rather than e, and the linear term would be proportional to kaT. From the 
temperature-dependence of conductivity just on the insulating side, in compensated 
Ge : Sb, Zabrodskii and Zinoveva®^ find similar effects, with a coulomb gap vanish¬ 
ing as one approaches the metallic phase 

It thus seems that disorder, shoit range Hubbard corrrelation, long range 
Coulomb interaction, and compensation are all important near the transition m 
doped semiconductors There is a laige discrepancy yet between these experi¬ 
mental observations and available theoretical models This discrepancy is a 
measure of our current understanding of metal insulator transitions. 

VI Some Comments 

(i) Criteria fot the Metal Iiisulatoi Ttansmon 

We consider here the question of whether agreement with a particular criterion 
is support for the related mechanism of metal insulator transition The electron 
hole unbinding criterion of Mott implies that an insulator turns metallic when 
the earner density n satisifi.es the equation 

a* =i 0 25, (6) 

where is a characteristic atomic spacing, i e. shallow state radius, interactomic 

spacing, or atomic orbital size To begin with, we note that the Mott criterion is 
spectacularly successful, over a density range of nearly 10® in doped semiconductors 
etc even though the transition is continuous, and trot first order as predicted by 
the mechanism underlying eq (6) 

Several different mechanisms lead to criteria similar to eqn (6). For example, the 
Hubbard-Mott transition takes place when zt ^ U It can be shown for hydrogenic 
systems that this, as well as the Anderson localization criterion W (theiandom- 
ness of the one electron potential) amount to criterion similar to eqn (6) Another 
criterion, due to Herzfeld, views the insulator as a lattice of nonoverlapping 
polarizable atoms of polarizeability a, and considering local field corrections, 
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predicts for the dielectric constant 



Ann 


^ where n is the atom density. 


clearly the dielectric constant blows up for (4jt n a/3) = 1 which also translates into 
a Mott like criterion It is not clear whether this local field form survives when 
the electrons from neighbouring atoms overlap, and there is spatial randomness 

The reason different physical mechanisms lead to similar criteria is basically 
the following. The transition is due to a competition between potential and kinetic 
energies The former localizes, the latter delocalizes They depend differently on 
electron density, viz. as and respectively, so that they are comparable when 
n satisfies the Mott criterion eq (6) Thus the criterion is inevitable on physical 
and dimensional grounds, and does not support any particular mechanism 


(ii) Electronic Incommensvration 

In the Hubbard model, only the commensurate electronic system has a metal 
insulator, transition; the mcommiensurate system is always metallic However, if 
the system is random in addition, the Anderson localized insnlating phase is 
a possibility These and related questions have scarcely been explored seriously. 
For example, the metal insulator transition is VgOg is affected much more by 
nonisoelectronic impurities than by isoelectronic impurities The former favours the 
metallic phase strongly. In LaNiOg which could be described as a commensurate 
system with U (Brinkman-Rice correlated electron system) addition of a small 
amount of Cr or Mn 2 per cent) Anderson localizes these almost spin locahzed 
states and leads to an insulating state.®® A spectacular example of incommensura- 
tion effects is the drastic influence of oxygen vacancies on, the Verwey transition m 
single crystal magnetite FesO* 

A careful experimental study of this class of phenomena requires single crystals, 
electrochemical fine tuning of commensuration, and a wide range of experiments on 
transport and equilbrium properties There are at present no theoretical results on 
highly correlated, disordered, incommensurately filled systems 

Incommensuration without disorder (especially weak incommensuration S) in 
strongly correlated systems leads to characteristic behaviour associated with heavy 
fermions, e g low Fermi energy t p and presumably p wave superconduc¬ 

tivity due to an electronic attraction mechanism Such effects have so far been 
seen in actinide systems, e g UBCia, UPtg ■i’- Here the /-shell is nearly intergral 
valent, hybridization with s-p band leading to the small deficit. An obviously 
interesting questing question is whether transition metal based systems with similar 
properties exist The proximity of a metal insulator transition, magnetic ordering, 
and superconductivity for large U, small mcommcnsurations and weak disorder 
makes this regime very interesting 
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METAL-INSULATOR TRANSITIONS IN THE V,0, ALLOY 
SYSTEM ; EXPERIMENT AND THEORY 
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A review IS provided of a recent theory pertaining to properties of correlated 
electron systems, with particular application to the VaOs alloy system 
Correlation effects are introduced by specification of a parameter UjW, the 
ratio of intrasite Coulomb energies to bare-particle bandwidths Under 
suitable conditions, a metal-msulator transition and its mverse may be 
brought about by increasing the temperature at fixed 17/IF The conditions 
for brmgmg about reentrant metallic behaviour are specified in an appropriate 
phase diagram The theory is then expanded to take into account transitions 
that occur at low temperature as a concomitant to the onset of antiferromag- 
netic order. Numerical results based on the above theory are compared with 
experimental work reported for the (Yi-xCrDiOi sytstem; the results are in 
semi-quantitative agreement It is pointed out that lattice effects must be 
mcludedfora better description of the various metal-msulator transitions 
observed in this system 

Key Words : Electron, ¥203 Alloy and (Vi_iBCr*)303 Systems; Correlation 
Effects; Conlomb Energy; Bare-Particle Bandwidths; Metal- 
Insulator Transitions 

1. Historical Introduction 

The V2O3 system and its alloys with several transition metal oxides has been the 
subject of approximately 500 investigations ever since the report by Foex'^ of a phase 
transformation m VaOa at 173 K His dilatometric and resistivity measurements on 
compacted powder specimens were later confirmed by Morin^ who reported on the 
electrical conductivity of V2O3 single crystals Feinleib and Paul® extended these 
measurements to higher temperatures where they encountered an additional resisti¬ 
vity anomaly in the range 350-650 K (see Fig Ic) MacMillan^ in an unpublished 
report first showed that a more complex set of transitions is exhibited by the 
(Vi_a,Cra)203 alloy system in the range 0 < x < 0 1 These studies were then 
continued by workers at Bell Laboratories®-’ who repoited on the occurrence, with 
using temperature, of an insulator-metal transformation in the range 25 < Ti < 
180 K, and of a second metal-msulator transition in the range 180 < T 2 < 350 K, 
the 7\ and Tz values vary with x The Bell group®’® also studied the effects of 
incorporating AI2O3, T12O3, FesOa, and other transition metal oxides into V2O3, they 

*Permanent Address ‘ Dr Jozef Spalek, Zaklad Fizyki Ciala Stalego, AGH, A1 Mickiewicza 30, 
PL-30-059 Krak6w, Poland. 
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and others^®’^^ further initiated a study of the changes in physical properties as the 
oxygen/metal ratio is altered The Purdue research enlarged on 

the earlier findings by reporting still another insulator-mfetal transition in the 
(Vi-!BCra,)t.03 alloy system for x > 0.005 over a wide temperature range above 
350 K, thus showing that such alloys exhibit reentrant metallic behavior These 
later investigators also directed attention to sizeable hysteresis effects at and Tg, 
and systematized the effects of incorporating Cr, Al, or Ti cations and cation 
vacancies. An enormous number of additional publications in the period 1945-85 
has dealt with many other types of physical measurements on the above systems; for 
a dated review see Honig and Van Zandt.^^ 

The current status of the field is perhaps best summarized m terms of 
Figs. l(< 2 )-(e) m which the resistivity p is plotted logarithmically against inverse 
temperature, T-^ These schematic diagrams show a number of interesting features . 
for the V2O3 (98 5 per cent)-Cra03 (1 5 per cent) system one encounters the three 
transitions sketched out in Fig. 1(a). In the range between 0 and150 K the 
alloy IS an antiferromagnetic insulator (AFl) There occurs a sharp transformation 
to the paramagnetic metallic state (PM) which prevails between /— 150 and/^ 300 K. 
At that point another first order transition carries the system to a paramagnetic 
insulating state (PI). In the range 300-1000 Kthe resistivity gradually diminishes 
with rising temperature, so that beyond 650 K the alloy system is in a high 
temperature paramagnetic metallic phase (PM') which closely resembles the PM 
configuration This three-transition pattern may be readily altered by slight 
changes in alloying The electrical properties of the V2O3 (97 per cent)-Cr203 
(3 per cent) alloy system are sketched out in Fig. 1(A) It is seen that the PM phase 
is eliminated altogether, on heating, the alloy proceeds directly from the AFI to 
the PI configurations via a sharp (x = 0 02 — 0.03) or rounded (x > 0 03) transi¬ 
tion, this IS followed by a gradual changeover to the PM' state. In pure V20d the 
electrical resistivity exhibits yet a different pattern : as shown in Fig 1(c), there is a 
large, first-order transition near 150 K which links the AFI and PM phases. With 
rising temperatures m the range 350-650 K an anomalous rise m resistivity takes 
place, so that undoped or lightly Cr 203 -doped V2O3 passes continuously from the 
PM to the PM' configuration Fig l(d} sketches the situation for V2O3 (99 per 
cent)-Ti203 (1 per cent) and for nonstoichiometric V2O3 Basically, the AFI—PM 
transition is shifted to lower temperature and the resistivity discontinuity diminishes 
or increases with increasing Ti or cation vacancy content Finally, as sketched in 
Fig Ifc), when the Ti content is increased beyond 5 5 at per cent or the vacancy 
concentration passes beyond 0 9 at per cent all transitions are eliminated and only 
the PM phase is retained However, below approximately 10-15 K the metallic 
phase transforms to an antiferromagnetic metal (AFM) A phase diagram which 
summarizes the stability domains of the various phases is exhibited in Fig 2, and 
the actual electrical resistivity measurements on which this diagram is based are 
displayed in Fig 3(a), (A), and (c) The experimental work and the various features 
of the data have been explained elsewhere^^’^® in great detail, this commentary will 
not be repeated here Instead, we concentrate on the theoietical analysis of the 
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Flo 1 Schematic diagram depictmg the changes of resistivity p with temperature T for the VaO* 
alloy system Part (a) : (Vi_aiCraj) 20 j with 0 005 < j ; < 0 018, note the three transitions 
AFI PM -»■ PI ->• PM' with rismg T and the large hysteresis involved in the PM PI 
transformation. Part (h) . (Vi_i!Cra;)a 03 with jc>0018, the metallic PM phase is now 
bypassed Part (c) Undoped V 2 O 3 , the PM-PI transition is bypassed Part (d): 
(Vi_»Tiaj)a 03 for 0 < jc < 0 055 and (Vi_»nv)a 03 0 < y < 0 009, this situation is similar 
to part (c) but the transition is shifted to lower temperatures and the size of the AFI—^PM 
discontmuity in log p is altered Part (e): ('Vi_asTiai)a 03 for x > 0 055 and (Vi_jn„)a 03 
for y > 0 009, the alloys remain metallic 


rather complex set of transitions The principal feature of interest is the fact that 
a causal factor as small as thermal energy change of the order of JcsT (where ks is 
the Boltzmann constant and T, the temperature) can bring about repercussions that 
are all out of proportion to the stimulus It will be our task to explore these 
matters in the subsequent sections In particular, we focus on the problem 
of rationalizing the obseived reentrant metallic behaviour of the (Vi_a!Cra,)203 alloys 
with 0 005 < X < 0.018. 
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Composition X 

Fig 2 Experimental phase diagram for the (Vi_eCr *)403 alloys system. Hatched areas show 
ranges of hysteretic effects. Dotted line separating PM and PM' regions is drawn at 
midpoint of the gradual transition 

II Theoretical Interpretation 


A Historical Survey 

There have been many attempts to explain the rich variety of transitions 
encountered in the VaOa alloy systems In many instances models were proposed 
before an adequate data base had become available, and a number of such descrip¬ 
tions are no longer tenable 

Many of the proposed mechanisms are couched m rather equal dative terms 
Among these are the adoption by the Bell group^’® of electron correlations as the 
principal driving mechanism for one or more of the observed tranformations, thus 
the several phase changes were classified by them as examples of the Mott 
transition On the other hand, the Purdue group^*’^® has pointed to unmistak¬ 
able signs that the lattice also plays an important role in the transitions, they inter- 
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Fig 3 Experimental measurements pertammg to the vanation of resistivity p with temperature T 
for the ViOa alloy system Part (a) • (yi-zOLx\Oz with 0 < jc < 0 1, note the varymg 
number of metal-insulator transitions for the regimes 0 ^ x < 0 005, 0 005 < x < 0 018, 
and 0 018 < jc < 0 010 

preted their data m terms of the density-of-states [DOS] diagram peculiar to the 
states of primarily ^/-character in V 2 O 3 They emphasized that the Fermi level 
was situated in a deep minimum of the DOS, which can be opened up and closed 
again by small perturbations on the system 

In a later Section, we will present a theory that in a sense mediates between 
these opposing views and which seems to provide a more adequate interpretation of 
the experimentally observed phase diagram of Fig 2 
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Fro 3 Part (b) : (Vi_iBTia:)a03 for 0 < jc < 0 015, note the reduction in conductivity activation 
energy and the diminution of the resistivity discontinuity with increasing x. 



1000/T(K'') 

Rg 3 Part (c) : (Vi_„>’)803 note the variation of conductivity activation energy and of the 
discontinuity in resistivity with increasing y 

Aside from the above qualitative formulations, several quantitative theories 
have been advanced Among these is the treatment by Brinkman and Rice-^ they 
studied the mechanism of metal-insulator transitions at the absolute zero of tempera¬ 
ture (T = 0) in terms of electron correlation effects whose strength was specified by 
the ratio U/W, where U is the intra-atomic Coulomb repulsion energy for the 
electrons situated on the same lattice site, and W is the bare-particle band width 
This theory applies to phenomena as observed when one moves along the abscissa 
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of the phase diagram in Fig. 2 at r = 0 , but which was not extended to the regime 
of non-zero temperature The Brmkman-Rice analysis, therefore, is primarily 
applicable to experiments in which either the concentration of additives to the V2O3 
host IS altered or m which pressure changes are studied, as shown later, both these 
effects scale roughly linearly with UIW. It may also be shown^® that the above 
theoretical formulation is recovered as a special case of the treatment described below. 

Several theories, describing the phase transitions of V2O3 at non-zero tempera¬ 
tures have also been published. Cyrot®^’^ constructed a phase diagram that 
summarized the various transition anticipated for the system To obtain first-order 
transformations he found it necessary to include a volume-dependence of the bare 
bandwidth W, in addition to magnetic spin fluctuations His phase diagram in 
the ksTlW vs. UlW plane is only in rough conformity with the various phases 
experimentally detected m the V2O3 system Moriya and Hasegawa®® as well as 
Hasegawa^® have applied spin fluctuation theory to the problem, they did not 
obtain any first-order transition, which fact they attributed to neglect of lattice effects. 

As an alternative, Zeiger^’ proposed a theory in which electron correlation 
effects compete against the entropy of electrons in band states He allowed the 
one electron energies to depend on interatomic separations. The five parameter 
theory and specification of density-of-state (DOS) functions for two bands can 
explain a large variety of experimental results in the V2O3 alloy system but is less 
successful in dealing with detailed electrical properties 

Several theories of the band structure for the V2O3 alloy systems have also 
been published While differing in detail all treatments yield DOS curves for 
the d-hand in which sharp peaks and deep valley alternate In such circumstances, 
if the Fermi level coincides with a valley, small external perturbations such as 
magnetic ordering effects, application of pressure, changes in temperature, and 
variations in alloy-composition are sufficient to open up or close a band-gap that takes 
the place of the minimum in the DOS curve In these models correlation effects play a 
somewhat subsidiary role, but they are still manifest in the small widths of the subbands 

Another approach was introduced simultaneously by Minesaki,®^ Ramirez et al 
and by Alascio et al^ who essentially adapted the order-disorder theory, as 
elaborated upon by Faheov and KimbalF® to electrons and holes m localized and 
Itinerant states These authors calculated the fraction of carriers available for 
electrical conduction as a function of temperature in terms of an electron-hole 
interaction energy parameter, they found a very sharp change in carrier density with 
temperature, beyond a critical value of the interaction energy This is a manifesta¬ 
tion of the metal-insulator transition The latter is driven jointly by the electron- 
hole interactions, by the configurational entropies arising from the distribution of 
electrons among the two levels of each lattice site, and by alterations in magnetic 
spin entropy resulting from changes in electron population on each site The 
principal difficulty with this approach is that, without further modification, it does 
not provide an explanation of the reentrant metallic behaviour encountered in the 
V2O3 alloy system 
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We now present in ontlme form a recent theoretical development®^’®® that 
mediates between the strongly correlated electron limit and freely itinerant electron 
behaviour As will be seen, the simple approach developed here rather successfully 
deals with the observed variety of electrical properties of the V2O3 alloy system; 
however, lattice effects which have been neglected must be built in at a later stage to 
obtain a more satisfactory representation of experimental data 

III Elementary Description of the Correlated Paramagnetic Regime 

Preliminaries 

The task of providing a theoretical framework for interpreting the reentrant 
metallic characteristics of the V2O3 alloy system will be attended to in several stages 
of increasing complexity We recognize at the outset that even in the metallic 
phase electrons in bands of primarily ^/-character are strongly correlated, this 
interaction must be included in the expressions for both the band (kinetic) energy 
of the charge carriers and for the potential interaction energies. To simplify the 
analysis we assume that electrons are accommodated in a single, non-degenerate 
band that is exactly half-filled; we, later, specialize to the Iimitmg case of low 
temperatures {T 0) Our approach is to provide first a phenomenological descrip¬ 
tion of the electronic states by deriving expressions for the Helmholtz free energy 
F of the charge carriers either in the paramagnetic metallic (PM) or in the paramag¬ 
netic insulating (PI) regimes. A transition between these states is achieved when the 
coexistence line Fpm — Fpi is crossed in either direction by alteration of temperature 
or of sample composition 

JS The Potential Energy of Interaction in the Metallic Regime 

The potential interaction energy among correlated electrons will be handled in 
a very elementary manner along the lines suggested by Hubbard.®® The charge 
carriers are treated as non-interacting unless two of them settle on the same lattice 
site with opposing spins, in which case their interaction energy is set equal to U 
The total potential energy is thus given by C/tj, where t] is the expectation value 
^ for encountering a typical site in a doubly occupied state, involving two 

electrons with opposing spins In the PM regime ^ ) and ^) are assumed to 
be independent of the site index j 

C The Kinetic Energy of the Correlated Electron Gas 

The potential energy of interaction described above also produces a hindered 
motion whenever the charge earners attempt to get past each other An elementary 
technique for dealing with this problem is to construct a set of independent quasi- 
particles of band energy E that take the place of the interacting electrons The 
central ansatz in the present theory is that the energy of quasiparticles E is related 
to the bare particle energy e by a universal scaling law of the form £ -= where 

the factor O depends functionally on but is independent of temperature T The 
rationale for such a step is explained elsewhere®® m some detail, but ultimately its 
adoption can only be justified by the degree of success one achieves in dealing with 
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complicated experimental observations The band energy of the N quasiparticles 
may now be written as 

00 

j B/(B)p(i’) dF, ...( 1 ) 

— 00 

where/(£■) = f[{E — Ep)jkBT] is the Fermi-Dirac distribution function for the 
quasiparticles (Ep is the Fermi energy), and p(E) is the appropriate density-of-states 
(DOS) function Next, introduce the scaling law, one then finds that /(E) s 
/[(E — EF)lkBT\ = /[®(€ — ii)lkBT] =/[(c — s/*(e) in which we have 

set fi s jEr/O as the Fermi energy for bare particles and T* = Tl<t> as an effective 
temperature As regards the DOS, by definition, p(E) is proportional to a set of 
Dirac delta distnbutions S(£ — ) centered on each of the allowed eigenvalues 

^j. of the quasiparticle energy spectrum. Thus, 

Np(E) = S S(<I>(e - ej,)) = S 0-iS(e - cj,) = 0 -i(» 3 )po(e)iV; .. (2) 

k k 

that is, the DOS for the quasiparticle p(E) and bare particle systems p(,(e) are related 
by the scaling factor Cb Lastly, we replace E and dE in terms of e and dc. Eq (1) 
thus becomes 

Wjl 

= I de s 4>(,,);(r») (3) 

-wil 

We see that the band energy for a set of quasiparticles (and through the ansatz, the 
interacting electron system) can be handled by introducing the kinetic energy of an 
equivalent set of noninteracting electrons at an effective temperature T*, multiplied 
by a band-narrowing factor O < 1 (see below). 

D The Energy of the Correlated Electron System in the Paramagnetic Regime 

We next combine the preceding results to obtain a total band energy m the 

form 


= o(,))<r*) + t/Tj ...(4) 

It IS now necessary to specify the functional form<I)(7]) This problem has been dealt 
with elsewhere^^ and will not be discussed in detail. For a half-filled band, 
< 1/4, one, therefore, assumes that C> may be expanded in a Taylor senes of the 
form €)=/„-}- /j7) + /ff + , the / multipliers are then found by requiring 

Epm to coincide with certain limiting cases for which the total energy is well 
established This procedure leads to the simple expression, valid for a half-filled 
band, 

d>(Y;) = 8r)(l-2y3) .(5) 

Finally, to explore the low-temperature limiting value of Epm we adopt the 
featureless DOS of rectangular character for —Wll < e < IF/2, po(e) = 2/IF; 
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outside this range p 0 (e) vanishes. Then for a half-filled band we can set /*(€) = 1 
inside the range — Wjl < e < 0 and set f*{e) = 0 elsewhere. For this case eq (2) 

yields €(0) = — fF/4, so that 

^ = + ..(5) 

Consistent with the limit of low temperatures and the use of quasiparticles that 
obey Fermi-Dirac statistics we now adopt the Sommerfeld approximation for the 
electronic heat capacity C of the quasiparticles : 

c = -rC&in Y = i = I . -(7) 

where we have introduced the Sommerfeld constant y for the quasi-particles and 
then transformed to the expression Yq appropriate to bare particles. The energy 
and entropy are now given as 

^=_(^)0+£/, + { OT 

0 



£. The Free Energy Functional for the Correlated Metallic Phase and its Minimization 

One may now constnict the Helmholtz free energy functional as Fpm = Epm 
— TSpm, from ( 8 ) one finds 

.( 9 ) 

It should be carefully noted that the above is not the Helmholtz free energy, because 
it contains the extrathermodynamic variable vj and the function €>( 73 ) thereof We 
thus utilize the Landau technique by minimizing Fpm with respect to tj using eq (5). 
The condition {ZFpMjd'r^ = 0 in the limit r -> 0 yields 



and when these quantities are inserted in (9) one obtains the final result 

Fpm _ Q>q U 

NW ~ ~4 PV 2<I>otV 


..(10a) 

. ( 106 ) 


(U) 
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Actually, we have been slightly inconsistent in the above approach we should 
have retained m eqs (10a) and (lOh) terms up to order before substituting the 
expanded expressions for iq and <I> into eq (9). However, it turns out that these 
higher order terms simply cancel out in the final subtitution, so that eq. (11) is 
again recovered when a self-consistent procedure is adopted The Helmholtz free 
energy for the paramagnetic phase thus consists of a temperature-independent term 
associated with the energy 



and of a temperature-dependent portion — associated with the — TSjNW 

contribution to F/NW. 

F. The Free Energy for the Paramagnetic Insulating Phase 

We turn now to the formulation of the free energy for the paramagnetic 
insulating phase. For n = 1 the ground state achieved in the low-temperature limit 
IS a distribution of one localized carrier on each site. The energy of this collection 
coincides with the midpoint of the non-degenerate band descnbed above, i.e. with 
the assumed zero of energy. Since there are essentially no double occupancies, the 
repulsive potential energy also vanishes This leaves only the entropy of the system, 
given by Nka In 2, since at any given site the electron spin can be in either the spin- 
up or the spin-down configuration. 

Accordingly, the reduced Helmholtz free energy per particle is given by 



G Coexistence Conditions and Phase Diagrams 

One can now inquire under what conditions a phase transition from the PM to 
the PI configuration or its reverse may be achieved For this purpose one must 
cross the coexistence line which is defined by the constraint that the chemical 
potential of the two phases be the same. One must thus set FpmINW = FpilNW; 
on equating eqs. (II) with (13) one obtains a quadratic equation in ksT/W vihich 
may be solved for its two roots 



roW 





(14) 


On substituting for yo, <I>o, rjo and setting p" = ~ for the featureless DOS for a 
particle of specified spin a, we finally obtain 






(1 - U/2fV)J'n 
3 (1 + [//2PF)J f 
■ ( 15 ) 
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Eq. (15) forms the basis for the construction of the phase diagram in the low- 
temperature limit, for the case n = 1, and for a featureless DOS The diagram is 
shown in Fig 4 as a plot of ksTIW vs UfW Several features are of interest: 
There is a lower limit, (UjW)^ below which only the PM phase is encountered at all 
temperatures The value (UlW)x represents the point at which the two solution 
branches (kaTIW)^ and (ksT/lV)- coalesce The lower branch, {KaTjW)- drops 
away from the coalescence point and reaches zero at 17/FT = 2 on the abscissa. 
The upper branch rises away from the coalescence point, we have arbitrarily cut it 
off well below the value UjW = 1.765 which is a true, atomatic cut-off point in 
the more sophisticated approach cited below One must remember that for 
reduced temperatures ksTlW considerably in excess of the coalescence point the 
low-temperature approximation fails, and unphysical predictions ensue if one pushes 
the theory too far beyond that point. 



Fig 4 Theoretical phase diagram for the coexistence of metallic and insulating states of a para¬ 
magnetic material characterized by a single band that is exactly half-filled Note the 
extent of the stability ranges for the PM, PI and PM' configurations The phase diagram 
was determined in the low-temperature limit discussed m the text, the upper critical point is 
arbitrarily placed as shown fsee text) The labels J, K, L, M, N correspond to those of Fig. 5 
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The origin of the phase diagram may readily be understood by comparing 
eqs. (11) with (13). The expression for the reduced free energy of the PI phase 
forms a straight line passing through the origin on a FjNW w ksTIW plot, as 
shown by trace (e) in Fig 5 By contrast, the conesponding expression for the 
PM phase forms a parabola with a negative intercept J as specified by eq (12), and 
a curvature, both of which depend on U and W For small U/W, i e when correla¬ 
tion effects are minor, J is numerically large, the resulting parabola, sketched as 
curve (a) in Fig 5, everywhere lies below (e) The free energy for the PM phase is 
always less than that of the PI configuration, no transition occurs, and only the 
mildly correlated metallic phase is encountered. As U/W increases, J becomes 
numerically smaller and the intercept rises This ultimately places the parabola up 
sufficiently high on the ordinate scale that it can cut the straight line (e) at two 
points, denoted by JK or LM for representative curves (Z>) or (c) respectively. 
These intersection points are also marked in Fig 4 In these circumstances the 
metallic and insulating phases alternate in exhibiting the lower free energy. As the 
temperature rises one encounters the progression PM -> PI PM' which mimics 
the reentrant metallic feature seen for certain VaOs alloys as described earlier 
Finally, as / becomes numerically small the parabola intersects the straight line only 
at one point N, as illustrated for traces (/) and (e) in Fig 5. The second 
intersection point occurs at unphysical temperatures Point N is also entered 
in Fig. 4. In this regime only the PM -► PI transformation occurs with rising 
temperatures 

In summary, a very simple electron correlation model has been proposed to 
provide a qualitative rationalization of the phase diagram for the paramagnetic 
configuration of metarials characterized by various values of UjW It should be 





Fig 5 Plots of eqs (11) and (13) for different values of the parameter Note the points of 
intersection JK^ LM^ N and their counterpart m Fig 4 
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noted that the succession of phases described above is achieved for fixed UlW 
simply by varying the temperature That such small doses of energy input can 
achieve such drastic changes m electron configuration is due to the fact that, under 
■conditions where the negative band energies and positive electron correlations nearly 
balance, the much smaller entropy effects are the deciding factor whether the electrons 
are m an insulating or metallic state. 

We shall defer a comparison between theory and experiment until the more 
•complete theory has been developed below. 

IV Improved Theory of Correlated Electron States for 
Paramagnetic Materials 


A. Introductory Comments 

The preceding treatment of electron correlation effects is rather primitive and 
needs to be placed on a sounder theoretical footing. This we accomplish by setting 
Tip a theory which deals with the PM or PI phase for both of which itinerant and 
localized electrons are postulated to coexist Their ratio must then be adjusted 
self-consistently by minimizing the functional F{y^ constructed from the energy and 
entropy contribution as described below Naturally, the resulting analysis is 
now more complex and must ultimately be carried out numerically. By way of 
■compensation we can drop the restriction of operating in the low-temperature limit. 

From quite general considerations it may be shown that, for very large intra- 
atomic repulsion energies U, O represents the conditional probability that an electron 
will execute a transition to a neighbouring site if the latter is empty. For very large 
U such a transition is prohibited if the neighbouring site is already occupied by 
another electron This makes it plausible to associate with O the fraction of 
itinerant electrons, i e those capable of executing a transition to other sites; (1 — <1>) 
then represents the fraction of electrons hemmed in (i e. localized) by the lack of 
available unoccupied nearest neighbor sites This association holds even for U 
values which are no longer large compared to bare particle band widths W, in the 
limit U 0 the entire question is academic since then all electrons are itinerant. 

JS The Energy of the Electron Assembly 

To obtain the energy of the electron assembly we proceed in strict analogy to 
the procedure described m Sec III C We replace the interacting electrons, whether 
Itinerant or localized, by a quasiparticle assembly of energy Eb = 2(k)-£k /(-^k ) 
where the summation extends over all quantum states occupied by the representa¬ 
tive quasiparticles We then switch to an integration after introducing the DOS 
p(£) and the same scaling law £ — Oe as before. This immediately yields 

W12 

j .?,(.)/•(*) dc + l/r, 

-JV/l 

as the total energy of the interacting electron assembly 


...( 16 ) 
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On introducing the explicit form for the Fermi-Dirac function as in Sec. IIIC, 
we obtain 

WI2 

^ = (I) j de cpo(€) tanh (^) + 

-Wjl 

and on substituting poCe) = IjW and carrying out the integration we find 

0 

• ( 18 ) 

The zero of entropy for the electrons has been chosen so as to coincide with the 
entropy of the localized electron assembly 

C The Entropy Contribution of the Electron Assembly 

In considering the entropy of electrons we must recognize two distinct contri¬ 
butions . the thermal entropy of mobile carriers, weighted by the factor <t> and 
the configurational entropy of localized carriers associated with a weighting factor 
(1 - <D). 

The entropy of the itinerant electron assembly as represented by the quasiparti- 
cles IS specified by 

f = - (^) ^ ) + [1 -/(-Bk )1-/(Bt » 

kff 

•• (19) 

On switching to an integration over E/^ involving the DOS p(jEjj ) and then trans¬ 
forming to the bare particle energies as described earlier we obtain 

wll 

^ _ (D/:g j dc Po(€) {/*(e)ln/*(.) + [1 -/*(e)] In [(1 -/*(*)]} 


After inserting the expression for/*(e) the above expression becomes 

Wll 

^ = OfcB |2 In 2 - I de po(e) tanh ) 

0 


(21) 



METAL-INSULATOR TRANSITIONS IN THE V2O3 ALLOY SYSTEM 247 

On introducing the usual featureless DOS function we obtain the final relation 

^ = 04.|2 in 2 - 2 in cosh (^) + 4 j d. In cosh ( 

- ( 22 ) 

The entropy of the localized electron group is calculated according to the 
expression 

^ = (1 - 0)kB ^ Pi In Pi 0 = 0 , 1 , 2 . 3 ), . ( 23 ) 

J 

where the Pj specify the probability that a given lattice site contains no electron, 
a localized electron in spin-up or spin-down configuration, or two electrons of 
opposite spin. The probabilities are listed in Table I, on introducing the condition 
Vff = v_» = v/2 for the paramagnetic regime and the particle conservation law n = 
V + 2v), the entropy for the localized phase is specified as 


Table I 


Configuration 

Designation 

Average 'Probability 
of Occurrence 

Site Contains Electron with Spin Up o = 1 

Site Contains Electron with Spin Down; a = — l 
Doubly Occupied Site 

Unoccupied Site 

Pa 

Pa 

P4 

Pi 

v<r 

v-o- 

1 — V — 

(^ ) = (1 — 0) [— (n — 2>j) In (n — 2ri) + (n — 27j) In 2 — rj In yj 

— (1 — n + yj) In (1 

- n -f yj)] 

..(24) 

D. The Free Energy of the System 



The Helmholtz free energy is given by F(ri) = £{ 71 ) — r[5i(yj) + 5’t(y])] as speci¬ 
fied by eqs (18), (21), and (24). For simplicity we now specialize to the case of the 
half-filled band, n = 1 We then find 

WN “ ( 

/ IFO \ (lkBT\ 

\AkBT) V W j 

1 (D ln2 


.kin nosh(.^) 



- (1 - ®) |( 1 - 2 ,) In 2 - 2 ,-)] - 1" >1 } ( 25 ) 

m which 


Hri) = 8.)(1 - 27,) 


• ( 26 ) 
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Clearly, the above expression is a functional in the extrathermodynamic 
variable y) We obtain the actual free energy by minimizing the functional through 
the constraint aF(yj)/ 3 Y 3 = 0 This provides the following condition on >] — 

{^) (S) (S) - [»- « t]“‘ (S) 

0 

+ J. 0 , (IT) 

This expression specifies the local extremum >3 = yj iJcBTjW, U]W) of the free energy 
F, which IS found by substitution of the extremum point into eq. (25). 

Obviously, numerical techniques are required to obtain specific predictions. 
We briefly cite some of the results below. 

E. Numerical Predictions Concerning Double Occupancies 

The fraction of doubly occupied sites yj is a measure of the equilibrium density 
of charge carriers per site available for charge transport, since on the average there 
is one electron per site for n = 1 Eq (27) is used to determine log yj as a function 
of WlkaT for various choices of UjW. The results are shown in Fig 6 as a plot 
of log YJ vj WlkaT As is seen, yj varies only very slightly with T for 15 ^ UjW 
< 1 64 and remains at a value close of 5 x KF®, so that <D =i 0.4, the material is 
a correlated metal For 1 646 < UjW < 1 765, the system undergoes two first 
order changes consistent with reentrant metallic characteristics In an intermediate 
temperature range the material displays semiconducting characteristics, the range 
of stability of the PI phase increases with increasing UjW but the slope of the 
Arrhenius plot remains essentially unaltered The corresponding variation just 
above the cntical point (see below) of UjW — 1 765 is shown in Fig 6{b), it is seen 
that the first-order PI PM' transition at higher temperatures has given way to a 
smooth transformation from semiconducting to metalhc behaviour 

The situation is radically different for UjW 2 In this case an Arrhenius 
plot corresponding to Figs 6(a) and (6) simply yields a set of straight lines of 
increasing negative slope and with increasingly negative intercepts as U/W is 
increased 

F Thermodynamic Properties of the Correlated Electron System 

One can now determine the reduced fiee energy FjNW from eq (25) as a func¬ 
tion of the reduced temperature ksTIW for various assumed UIW The results 
may be summarized as follows When UjW ^ 1 646 one obtains only one solution 
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Fro 6 Plots of log 7) vj Wlk^T as determined via eqs (24) and (25, 26) Part (a) UIW < 

1 765. note the two sharp electrical transitions and the intermediate PI phase whose domain 
shrinks as tZ/RP -> 1 646 Inset shows experimental parts of log <j vr 10*/r, where cr is the 
conductivity of (Vi_aCra-)i 03 withx: = 0 006, 0 01 Part (6) UfW slightly in excess of 
1 765, note the smooth PI—PM' transition Calculations performed for a nondegenerate 
half-filled band, and for a rectangular DOS 
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for which FjNW dinumshes roughly as (ksTIW)^ with increasing reduced tempera¬ 
ture For U/W > 2 one obtains m first approximation the result FjWN = — 
ikaTlW) In 2. Both these features mirror the results obtained on the basis of the 
zero order theory. 

In the intermediate range of UIW values one generally encounters three solu¬ 
tions for FfNW, of which the lower two must be examined Obviously, the only 
stable solution is that for which the reduced free energy is the smallest, but 
there exists at least one or, over much of the range, two points where crossovers occur, 
precisely at the values of ksTlW, where »] exhibits the discontinuities shown in Fig. 6. 
These crossing point signal the occurrence of first order phase transformations; 
from the difference in slope of the free energy curves at the crossovers one can 
determine the entropy change at the transition using the thermodynamic relation 

s = aF/sr. 

In Fig 7, we show the phase diagram obtained on the basis of the crossover 
points described above, these results may be compared with those of Fig. 4. The 
more sophisticated approach automatically provides a cutoff to the upper branch 
of the phase boundary which lies above the critical point associated with {UjW),o. 
At low reduced temperatures the phase boundaries of Figs. 4 and 7 approach each 
other. The reentrant feature for the paramagnetic regime is again in evidence. 
For any fixed UJW in the range 1.646 to 1 765, a rise in temperature brings 
about a succession of changes PM PI -> PM', the stability range of the PI 
phase broadens as U/W is increased For any fixed C//IF in the range 1.765 
to 2 only the PM -> PI phase transition is seen. For UlW > 2 one encounters 
a Mott insulator, with UlW < 1 646 the material remains in a correlated metallic 
state. 

The entropy changes at the two transition points PM PI and PI -► PM' 
are shown in Figs 8(6!) and (b) as plots of AS'/AbA’ vs U/JV. These are calculated 
from the difference in slopes of the corresponding free energy curves at their 
respective intersection points. It is seen that for both the low and the high 
temperature transformations the entropy discontinuity at the first order transition 
reaches a maximum near the midpoint of the 17/IF range where the transition is 
encountered 


V Magnetic Ordering Effects 

A The Hamiltonian of an Ordered Antiferromagnetic System 

We now turn to the description ofmagnetic ordering effects in strongly correlated 
electron systems; we then show how to incorporate the essential features into the 
phase diagram. 

We begin with the Hamiltonian for an antiferromagnetically ordered array 
m a which cation subarrays A and B contain atomic constituents with spins 
oriented in the ‘up’ and ‘down’ configurations The total Hamiltonian may be 
written as 
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Fig 7 Improved phase diagram, based on the use of eqs (24), (25) and (26), compare with Fig. 4 . 
Calculations carried out for a nondegenerate, half-filled band with a rectangular DOS. 

w ® 2 ‘k "k. + + -^ 2 2 - (7 ) 

ka JE.A j (J) 

reB 

= ITs Ufi Hex, ...(28) 

where the last term on the right is the well-known Anderson exchange term^’ with 
J — 4t^ (1 — d>)/C/. As usual, we restrict the site summation j' to nearest neighbour 
pairs, S IS a spin operator. 

We proceed immediately to the mean-field approximation (derived from the 
assumption that [a — <a)] [b — ;bj =4 0) 



1&2 


V65 


WS ^7S5 


WO 

Fig 8 Plots of the reduced entropy discontinuity predicted at the first order phase transforma¬ 
tions Part («) PM-PI transition Part (b) PI-PM' transition Note that away from 
the cntical UJW points the size of the entropy discontinuity peaks near the centre of the 
range in UIW where fist order phase changes occur. 
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= (S^,> S 4 , - <S^„ .. (29) 


Let the magnetization be along the z-axis, then S^, <Sjj/) == and <5^^) = 

— = {S‘). Also, <v^^> = (vjj) s V. On inserting these results into the 
last term of eq (28) and carrying out the indicated summations, we find 

- X 

j'eB 

jW 

-^z{X --(SI) 

j&A 

Conservation laws [(eq 2) with 72 = 1] require that v = (wAi) = 1 — 2^V3^^> = 1 

— 2?) We also invoke the invariance requirement y^Aj = t), so that vAj = 1 — 2-riAf 
= 1—27], then eq (31) becomes 

- X 

J'GB 
J'ij) 

-^-fN(l-2r^y ..(32) 

Next we introduce second quantization through the relations 

Sj = ^ (fiiv — J S (jnjr (cr = i 1), .. (33) 


+ jz (s^y ^ 


He^ = ~-JZ 


<'>[S 


jEiA 


Jffem — 


JZ 


<s-) [ 2 


j&A 



wherein is the number operator with a value of 0 or 1 according as site 7 is not 
or IS occupied by an electron of spin a, the factor ^ arises because m units of li the 
electron spin has the value ± ^ Then eq (32) becomes 


He. 


i JZ 


<.S‘) [ 2 


oriB)' 


j'E:B 


JZN 

8 


(1 - 27j)2 


J^A 


(34) 


At this point, it is expedient to introduce the Fourier transformation which converts 
creation and annihilation operators for direct space into corresponding quantities in 
reciprocal space 


a 







OA}v 




^Ak'v 


(35) 
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By use of lattice sum rules it is then a straightforward exercise to show that 
S = S S whence, 

<r k o 


S 

iE.A 


=^\JZ (S^) [ ^ crCnakc - n^k^)J + 

kff 


JZN- 

8 


(1 - InT 


(36) 


We next turn our attention to the band energy term Hb m eq (28), however, to 
distinguish between itinerant electrons on A and B sublattices we must first trans¬ 
form back from reciprocal to real space, using transformations inverse to eq. (35) 
One can show without difficulty that this operation leads to 

^ ■ (37) 

f 

with 

Ui =(y)”' ^ e'k(IV-R/) .(38) 

k 

which permits one first to generalize eq (37) to a two-sublattice system 

Hb = <^ S t,/ (u+, + fl+ (39) 

ff j U) ^ 

and then once more to switch back to reciprocal space via eqs (35) When the 
term so obtained is inserted for Hb, and after eq. (36) is used for Hey^, eq (28) 
reduces to the final form 


(“^k %k» + ^Ska ^A\i^ + («J5k(i — ”^kcj } 

+ Vr, + jz .,S’y - JZN (L:^ ^h, + u-,) + h„ 

(40) 

With 

. JZ(S^) 

A = —^^ and = (Dck (41) 


Eq (40) must now be diagonalized. A very useful standard procedure in such 
a situation involves the so-called Bogolyubov transformation : 


= “k »lk. + “2k, 


(42) 


at, = 

Bkc 


"k «fkCT + "k 


(43) 
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in which a+j^^, replace the original operators transformation set 

(42, 43) IS unitary in that = 1. It is a very straightforward but tedious 

procedure to substitute (42) and (43) for the operators m eq. (40) and to collect 
terms After appropriate manipulations one obtains (we have suppressed some 
subscripts on a) 

ffi = 1 : {[— 2£j£ vjg — cA(m 2 _ v2)] a+tti + Uj^ 

k<T K 

+ <rA(M2 _ y2 )j (-^2 _ v^) — 2aUj^ A) (a+aa 

+ oca+ai)} (44) 

Without loss of generality one may require the multiplier of (a^^aa + a^ajjto vanish 

which immediately diagonalizes ffi and thereby identifies the eigenvalues from the 
multipliers of and of a^aa For further ease of manipulation we set s cos 

6^ , Yjj = sin Ojj , the vanishing of the multiplier in line 2 of eq (44) together with 
cos^ (26k ) + sin® (26^ ) = 1, yields 

sin (20k ) = ± (^®k ) = i _j_ -..(45) 

The eigenvalues are now given by 

^Ik = -^^2k == -2J?k«k Vk - c(i/2 _v2)A = - [E^+ A^V® 

.. (46) 

m which we have kept as mutually consistent only the solution for which c = + 1 
As usual, the N/2 successive quantized E^ values are so closely spaced that they may 
be regarded as quasi-contmuous One should observe that the magnetic ordering 
phenomena cause a splitting of the band into two parts, + + A®]^/® and — 

_j_ With a gap of 2A = JZ (S^), for large E the dispersion relation becomes 

nearly linear 

£ Magnetization Effects 

Our next task is to determine the net magnetization of the system in terms of 
the dimensionless parameter JjW For this purpose we set up the expectation value 
{S^) at zero temperature, 

jEA ko 

On introducing the Bogolyubov transformation we find 

"" (ff) 2/ ° "*■ *2k.j )> 

kcT 


( 47 ) 
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(iv) 2 ^ ^“2k<j“2ka )] - (48) 

kff 

m which the cross term in (aj^'ag + aj*i) was dropped since the Hamiltonia is 

already diagonalized As before, we set = cos 6jj^ vj^ = sin 6jj and introduce 
eq (45) to obtain 

(“S'*; = ^ ^ i ® 11^1 + ^ _j_ ^2)172J ^*ilirff“lkff 
ka * 

-f [^1 — P'2 _j_ ^ 2)^2 ] ^“2ka“k® 4 ' 

On summing over c, introducing A = (^) JZ (S®), and using Fermi-Dirac statistics 
(1 e the Fermi-Dirac Function (51) to replace expectation values of the operators 
we find 


1 = i 


N 


2 


/ik —/2k 
(El + A2)i/2 


...(50) 


Now set s (E? + Then the Fermi-Dirac Function becomes 


/l,2k 


A^)-] 


1 


kaT J exp (± q^) + 1 

so that eq (50) may be written as 


.(51) 


1 = 1 :^ V _L_/_1 

^ N (El-\- A2)i'^ lexp(-< 


9k)+1 exp (9k) 




if 2 


tanh ( 9 k /2) 


(El + A2)i/2 


.(52) 


k ' k 

Next, introduce the scaling law E^ = Ock as before and change to an integration 
As usual, the summation is replaced by j de 2 ^(e — €k ) p' (c) This yields 


1 - 


JZ 


WI 2 


f d. (^k/2) 

-il/2 + 

For the conventional rectangular DOS we find 

W^I2 

1 = -? [ dp C^k /^) 

2 PFCI> j 


(53) 


(54) 
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The integral may be evaluated for 0 < 1 using RoUe’s theory of the mean to obtain 

_ JZ tanh {[(fro/4)2 + 

4 [(lF(E»/4)2 4- 

and in the hmit <I) -> 0 and with ts. — JZ (S‘‘)/2 this reduces to 


= (56) 

■C. The Ground State Energy 

The ground state energy is specified by the expression 

kcr 

(1 - 2.;)^ + Ifri + ...(57) 

We now replace the two expectation values of the operators by/jjj,/ 2 j; as 
^iven by eq. (51) and we introduce (46). After considerable, through straight¬ 
forward simplification the summation term yields 




We next switch to an integration to replace the summation, using the same 
procedure as in Sec IVB. We also introduce the conventional rectangular DOS. 
Then the summation term reads 


rr iz* 

(|.) j d. [(4>.k )> + AT» tanh|K?!k 


f 4- 


.(59) 


For O < 1, the integral may be evaluated by using Rolle’s theorem, which leads to 


and as (h 0 this simplifies to 
Eb (JZ{S^) 


, ,(JZ {S^) \ 


Finally, introducing eq (56) one finds the simple expression 
—- JZ cn — — 

Kf ‘y } ~ 4 , 
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where the term on the right is a limiting case at low temperature ■ in the mean field 
approximation {S^) = I (m units of £) The ground state energy in this approxi¬ 
mation IS found from eq (57) to be 


N 4 ’ 


(63). 


where we have set »] =-- 0, consistent with the earlier approximation of taking 
0 = 0 


D The AFI-PM Transition 

At this stage we can inquire under what circumstances a transition from the 
antiferromagnetic insulating state to the correlated metallic state can take place 
The necessary and sufficient condition is that (F/JV)afi = (F/iV^)pM. For the AFI 
phase we use a drastic simplifying assumption; namely, we equate F/N with Fo/JV, 
as given by eq. (63); for, as is well established, the entropy contributions to the free 
energy of the magnetically ordered insulator are small in the low temperature range 
for which the derivation leading to (63) is valid. Furthermore, we neglect any 
changes in fV arising from magnetic ordering effects Eq (11) specifies the chemical 
potential for the correlated metal. On (i) equating these relations, (ii) introducing 
the expression 0=1— (UjlVFf, and {iii) the formulation yj = (1/4) (1 — UI2W), 
both valid at low temperatures for the PM phase, one can solve for 


-xfi- 

W I 7C \_4W ^ V 2WJ Jj 


(64) 


which represents the equation for the reduced antiferromagnetic transition tempera¬ 
ture in its dependence on the U/W parameter This relation with J = 4t^ 
(1 — <F)jU and t — W{2Z, Z = 4 is sketched as the lower left curve for the phase 
diagram. Fig. 9. 


E The AFI-PI Transition 

An analysis comparable to that of the preceding Section may now be carried 
out to establish the phase boundary separating the AFI and PI phases For this 
purpose we equate Ea/N, eq. (63), with Ffi/N as read off from eq (13) Once again, 
one must bear in mind the many approximations that are invoked to arrive at these 
limiting expressions. The final result is specified by 

keT _ JZ , „ 

4 2 ( 65 > 


with /= 4t2 (1 _ <D)/c/ and t = W/2Z, Z = 4 as before A plot of ksT/W vJ. 
UIW resulting from the above is shown as the lower right curve in Fig 9 


VI Discussion 

The final theoretical phase diagram is exhibited in Fig 9 for the theory developed 
in Secs VD and VE One should first recall again the many restrictions and 
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Fig 9 Final form of the theoretical phase diagram in the low temperature approximation as 
developed m Sec VD and VE Note the tnple pomt For the higher-temperature 
paramagnetic regime in excess of the more exact theory leading to the results of 

Fig. 7 must be used 


assumptions that led to this formulation The theory is based on the existence of a 
nondegenerate band that is exactly half-filled, a single scaling function (D was used to 
relate the energies and of the quasiparticles and of the bare particles, electron 
interactions are simulated by the single parameter U, a rectangular DOS was 
invoked to evaluate the integrals specifying band energies in the PM and PI phases, 
the low temperature limiting form was invoked and, m particular, the energy of 
the API phase was used as an approximation to the actual free energy of the 
magnetically ordered insulator 

One should clearly recognize that the results leading to Fig 9 really only apply 
in the limit T -> 0, and already differ significantly from the more sophisticated 
theory of Sec. IV in which the limiting case T ->• 0 is not invoked Unfortunately, 
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at the time of writtmg, the corresponding more sophisticated theoretical calculations- 
pertaining to the AFI -> PM and AFI PI transitions were not yet available. 
Thus, the phase diagram of Fig. 9 is to be regarded as an approximation to the- 
results anticipated for the improved theories that are not based on the limit T -> 0. 
Subject to these limitations one encounters a triple point at ksTlW si 0 034, 
UIW =i 1.515 for the coexistence of the AFI, PM and PI phase. The phase bounda¬ 
ries for the paramagnetic regime at reduced temperatures in excess of 0 034 are to be 
read off from Fig 7, based on the improved theory of Sec IVD. 

Despite all of the simplifications that have been introduced at various stages 
the theory does provide a relatively good account of the properties of the (Fi_a» 
Cris )203 alloy system. In particular, it is evident that all the cases discussed in. 
Sec I have their theoretical counterpart in the phase diagrams of Fig 7 and Fig. 9; 
depending on the value of UjW which a adopted one may encounter zero, one, two, 
or three transitions when the temperature is altered Only so long as U/W remains- 
above a critical value (which is temperature-dependent and which approaches- 
(UIW)ct = 2 as r ->■ 0 for a rectangular DOS) does one deal with a case where 
itinerant electrons are absent from the system, such a solid is a Mott-type insulator 
in the sense originally proposed by Mott.^® 

To permit a comparison to be made between the theoretical and experimental 
phase diagrams we now establish that t//IF varies nearly linearly with the mole 
fraction x of Cr. To do so we adopt the virtual crystal approximation in which the 
Hubbard parameter U is replaced by an effective parameter Ue specified by 

U, =.U^(\ ^x) + UctX . ( 66 > 

A corresponding effective bandwidth, W is also required For this purpose one may 
adopt the proportionality W tij exp (— involving JV and the transfer 

integral Uj between nearest neighbors i and J separated by the distance jR,i; A. 
IS a scaling factor. The various transitions of the V 2 O 3 system are accompanied by 

Sizeable volume changes Av in the unit cell volume v©. We then write Ui =1 exp 

-J- ^Ai?»i)] = exp {— -J- Bx (Av/Vq)^/®]}, wherein is a reference interatomic- 

separation, and AARij is the change in separation introduced by replacing a vana¬ 
dium atom in location j by Cr In accord with Vegard’s law, for dilute concentra¬ 
tions one may anticipate that A = Bx is proportional to the mole fraction of the- 
diluent. On expanding to first order terms one obtains 

t'i {exp ( - J j^l + , (67> 

whence 

We = W^l + = IF» + (Wct - Wv)x . r68> 

Finally, then, 

(^\ :^ + (^Cr - Uv) X _ Uv r,, Ucr - Uv , We, — Wcr "I 

Wje fVe 4- (IFcr - IF.) X~W.V^ UV~ - Wl 

(69> 
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■which shows explicitly the linear variation of C/'/IF with x in the present approxi¬ 
mation 

UjW may further be altered by the atomic potential fluctuations that arise 
when Cr is substituted for V Let Ac = < 0 be the energy difference for 

an electron localized at a Cr as compared to a V atom The expectation value of 
the energy is then given by S(,c) Ex 'n,o), where Et may assume the values ^B'cr or Ev 
depending on the site index i This expectation value may be simulated by the 
product (1 — «I») xAe The first factor pertains to the probability that an electron 
is actually localized (See Sec IVA), the factor x represents the probability that a 
site containing a Cr atom is encountered. The inhomogeneity arising from the Cr 
substitution thus enhances localization as expressed through the factor (1 — <!)); this 
■correction must be added to the energy contribution — (1^/17) O as specified in 
cq. (6); we obtain an effective band energy 


^ = xA«-(|:)[l+(^).]®. .(70) 

Since Ac < 0, the multiplier [1 + (4Ae/JT) x] represents an additional baud narrow¬ 
ing factor associated with the lattice disorder due to the random distribution of 
Cr atoms This factor is a linearized form of the Anderson localization effect arising 
from the presence of randomly fluctuating potentials in the lattice 

The total variation of (U/W) with jc is then given by the linear relationship 


U (Ucr-U.\ (W,-Wct 4A€\ 1 

~W L V Uv )^\ Wv W, ) 


...(71) 


The above permits kBTJW and UjW to be replaced with ksTlWe and {UjW)e 
respectively and to be linearized as shown in eqs. (68) and (71) 


One should not set too much store by the numerical values assigned to the 
■critical points identified m Fig 7 or 9 or to any other values which might be obtained 
by a fit to experimental data These fits are all derived for the special case n = 1 
and are sensitive to the type of DOS employed in the evaluation of the integrals 
specifying the band energies The mam point is that a consideration of electron 
correlation effects alone already provides a mechanism for a basic understanding 
of the set of phase transitions as well as of the reentrant metallic properties m the 
(Vi_a,Cra,)C 3 system. However, there are two important qualifications that must be 
carefully kept m mind 


First, the numerical predictions are somewhat off the mark For example, the 
calculated entropy changes shown in Fig 8 are too high by a factor of two relative 
to the experimental values cited by the Purdue group Also, the PI -*■ PM' transi¬ 
tion which IS predicted to be of first order is actually spread out over a very large 
temperature range, if one attempts to circumvent this problem by choosing ‘d U W 
just slightly larger than the value corresponding to the upper terminal point in 
Fig 7 then one does obtain a continuous PI ->■ PM' transition as shown in Fig 6(fi) 
However, the predicted low-temperature PM -> PI transformation is too large by 
many orders of magnitude Lastly, the predicted transition temperatures read off 
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from Fig 7 and 9 are too high by a factor of two or three, unless one chooses 
unrealistically small values W < 0.3eV for the bare-particle band-width 

Second, there is unmistakable experimental evidence to the effect that the lattice 
plays an important role in the transition. This is brought out clearly in several 
types of experimental measurements •— 

X-ray diffraction experiments’’^® indicate that there is a sizeable expansion of 
the lattice during the PM AFI and PM PI transitions. 

(ii) Raman scattering experiments®®-*^ show that virtually all Raman-active 
modes alter in frequency during the transitions. 

(ni) There are enormous hysteresis effects of ca. 50 K’-* in the PM PI transi¬ 
tion, and for magnetic ordering transitions that occur below 50 K. 

(iv) Ultrasonic measurements*®"** show that certain elastic constants of the 
alloys soften near the AFI-PI or AFI-PM phase changes. 

(v) Careful X-ray studies have revealed the existence of Bragg satellite spots*® 
that have been interpreted as indicating the onset of charge-density waves coincident 
with the PM -> PI transition 

(vi) Inelastic neutron scattering experiments*®’*’ have shown that low frequency 
longitudinal optical lattice vibrational modes are encountered in the alloy system 
along certain directions in reciprocal space. 

The data are shown in Fig. 10, one should note the anomalies in the lower 
lying acoustic phonon branches The mterpretation of the splittings and the 



Fra 10 Acoustic phonon branch spectrum at 300 K for VjOj as determined from inelastic^neutron 
scattering experiments Note the anomalous lower-lying branches 
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presence of what may be low-lymg optical modes is unclear at this point, but they 
are presumably correlated with peculiarities in the lattice dynamics of V 2 O 3 . 

The above features indicate that the lattice is not passive in the initation of 
phase changes in the V 2 O 8 alloy system Thus, a more complete theory would 
require the inclusion of the energy and entropy of the lattice in the construction 
of the total free energy before the latter is minimized Attempts to do so are 
currently in progress. 
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In this lecture, I intend to present a very brief overview of the question of the 
electronic structure of metals which are neither quite macroscopic, nor micro¬ 
scopic IS nature Our interest is these Divided Metals is motivated by the 
need to understand the metallic and nonmetallic states of matter, for it can be 
asserted that to understand either regime one must elucidate the manner in 
which bulk, macroscopic states of matter evolve from the progressive agglo¬ 
meration of atomic constituents Alternatively, Divided Metals can be 
viewed as arising from the bulk metallic phase via subdivis'on of a macro¬ 
scopic solid 

The questions to raise, therefore, are both experimental and theoretical How 
does one connect the microscopic world of atomic and molecular clusters 
with the macroscopic world of metals and insulators In what manner can one 
probe experraientally the progressive evolution of bulk properties, as a 
function of number or size*? and how does one begin to formulate a 
conceptual picture of this evolution The present work, then, attempts to 
touch upon two such inter woven themes metal-insulator transitions and 
the evolution of macroscopic states of matter from progressive agglomeration 
of their atomic siblings The title of this talk originates from Faraday’s work 
on gold in a metallic, divided state, published over a century ago 

Introduction 

In 1857, Michael Faraday presented his Bakerian Lecture entitled’ “Experimental 
Relations of Gold (and Other Metals) to Light ” Faraday’s v/ork on gold, silver 
and other metals led him to conclude that the gold is i educed in exceedingly fine 
particles which becoming diffused, produce a beautiful fluid the vaiious piepaia- 
tions of gold whether ruby, green, violet or blue consist of that substance in a 
metallic divided state'”*'"’ A piesent day investigation’ of metallic, divided gold— 
colloidal gold—can reveal just how close to the truth were Faraday’s conceptions 
of the problem some 130 years ago Fig 1(d) shows electron microscope photo¬ 
graphs of submicron-sized colloidal gold particles prepared from the reduction of 
chloiauric acid with sodium citrate In Fig 1 {b) is shown a high resolution 
electron microscope picture of an individual gold particle in which one begins to see 
the detailed structure of the metal particle at the nanometer level 


**Characters in bold face added by the author 
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Fig 1 Colloidal gold particles prepared from a chloraunc acid solution reduced with sodium 
citrate A High Resolution Electron Microscope picture of an individual gold particle is 
also shown 


In the present work, an attempt is made to review certain aspects of the current 
state of investigations—both theoretical and experimental—of the electronic structure 
of metal particles which are neither quite microscopic nor macroscopic m nature. This 
short paper cannot hope to go into the details of the very rich and diverse properties 
of divided metals, rather, it will concentrate only on giving a representative outline 
of a variety of observations on divided-metal systems ranging from transition 
metal cluster compounds to colloidal metals Throughout the bias will be towards 
studies carried out m the author’s own laboratory 

An artist’s impression of the problem at hand is given m Fig 2 , this sets out 
the broad, global features while at the same time it attempts to provide a rough 
labelling or classification scheme for particles of dilfeient dimensions These range 
from bulk, metallic solids through colloidal metals to metal cluster compounds 
(typically of the transition senes) Clearly at each stage along the way (Fig 2 ), one 
has to consider not only the macroscopic topology of such divided or erstwhile 
metals, but also their microscopic structure , vis-a-vis, the detailed nanostructure 
of the individual atomic constituents Thus, particle diameters probably represent 
a reasonable coarse-grained parameter for arbitrarily classifying the various 
categories In the case of the “atomic or molecular’’ transition metal cluster com¬ 
pounds^ (e g H20 sioC(Co) 24), the cluster nuclearity is perhaps a more meaningful 
descriptive parameter which is certainly consistent with the atomic parentage of 
these species We see, for example, in the cluster compound'* Aujg [P(C6H5)2]i2 Clg 
a gold cluster of an exceptional size for a molecular species However, by the 
standards of colloidal gold science—in which one is typically dealing with Ca. 
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10 »-10® atoms m a fragment—such a particle is extremely small. But these are 
vexing questions of semantics which must necessarily arise in any discussion of 
materials which effectively provide the link between the macroscopic and microscopic 
regimes of matter 

One imagines that there must surely be a fundamental and qualitative difference 
between a piece of bulk, metallic gold and a relatively small collection of gold atoms 
(for example, in a colloidal particle) despite the fact that both consist of the same 
element Our major problem, then, is the combined one of the synthesis of high- 
purity materials and the measurement of physical properties which reflect the 
successive fragmentation, or division, of a piece of bulk metal Experimental 
techniques must yield formation on macroscopic morphology while at the same time 
probe both the nanostructure and electronic structure of Divided Metals 

Electrons in Divided Metals 

In a recent elegant contnbution, Perenboom, Wyder and Meier® outline the broad 
feature of the problem of Divided Metals, “ When the number of atoms contain¬ 
ed in a gram of solid matter is steadily reduced, it is plausible that m the course of 
the process a stage is realized when the particle does not behave like a smaller copy 
of the corresponding bulk solid anymore ” The last part of this statement. . 

“ . when the particle does not behave like a smaller copy of the corresponding 
bulk solid anymore f 

beautifully typifies the basic experimental and theoretical interest I suggest, there¬ 
fore, that two fundamental theoretical aspects need to be addressed ® The first 
concerns the possible electronic transition from metallic to insulating behaviour 
within each gram of solid matter The second concerns the electronic and structural 
properties of small, isolated, but almost certainly “metallic,” particles 

Localization, Charge Neutrality and the Metal-Insulator Transition 

One inevitable consequence of the successive fragmentation of a piece of metal 
is the cessation of conducting behaviour within a small particle. A stringent lower 
hmit for this transition would obviously be a cluster of only a few atoms. However, 
one clearly wishes to probe this Metal-to-Insulator Transition in more searching 
detail Is there, for example, any similarity between the well-documented and 
prescribed descriptions for the Metal-Insulator Transition m what one might term 
“conventional” macroscopic systems (e g doped semiconductors)'^ and the proposed 
transition within a single particle in isolation*^ A schematic illustration of the 
possible Situation m doped semiconductors and Divided Metals is given in Fig 3. 
It IS interesting to note that Sir Nevill Mott, in his celebrated paper® of 1961 
entitled “The Transition to the Metallic State” alluded to just such a discussion 
Concerning the proposed first order (discontinuous) nature of the transition in 
macroscopic systems, Mott noted® that “ the sharp transition described here is only 
expected in an infinite lattice It goes without saying that for a finite number of 
atoms there will be a gradual decrease in the weight of the ionized states in the wave 
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Fig 3 The Metal-Insulator transition m doped semiconductors and divided metals A schematic 
representation which attempts to highlight the similarities and possible diflFerences between 
the two situations at w = 0, T = 0 K. 


function as the interatomic distance is increased or m other words, a gradual transi¬ 
tion ’’ Fig. 3 attempts to illustrate the two situations In the case of doped 
semiconductors, the transition from Metal to Insulator is effected by varying 
the donor (P°) atom concentration Thus, the average separation (a) between donor 
states provides the demarcation between metallic (a < ac, where u* is the critical 
separation) and insulating (a > Cc) states m an (assumed) macroscopic assembly 
The corresponding proposed transition within a Divided Metal would arise from a 
dimmuition in the average diameter (£>) of the individual particles. Here, the 
critical parameter may now be D, such that D>Dc implies metallic status (for 
to — 0, T = 0), whereas D<Dc implies insulating character However, it may 
turn out that more detailed views of such a transition, involving a scaling theory 
for electrons in a disordered small particle, may also lead to a continuous conduc¬ 
tivity transition in both representative systems ® 

Wood and Ashcroft^® make another interesting comparison between the two 
situations (Fig 3) The loffe-RegeF^ criterion for the localization of electrons in 
the presence of scattering i e , the breakdown of the Boltzmann equation approach 
to conduction in conduction in a solid, is 

kpl < 2 tc , ( 1 ) 

where / is the electron mean-free path and kp is the Fermi wave-vector appropriate to 
the electron density Thus, Ioffe and RegeF^ argued that since / is the distance 

over which the electron loses phase coherence, and the wavelength ( A ^ ) is 

the distance over which the phase changes by In, it does not make sense to A 
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Wood and Ashcroft^® suggest that if one crudely interprets / as a characteristic small- 
particle dimension (say, the diameter D), then the cessation of conducting behaviour 
m a small particle may be interpreted as a Metal-Insulator Transition of the lolFe- 
Regel sort For sodium metal, this transition should occur for particle dimensions 
below approximately ISA 

In all of these considerations, however, the immediate and fundamental problem 
arises as to the “true” dimensions of a small particle. Here a knowledge of struc¬ 
tural details at the nanometer level is essential (Fig 1). That is, the particle itself 
may well be a collection of compact, finite sized metal-cluster subcomposites. For 
example, a particle of outside dimensions of say lOOOA may consist of isolated 
metal-particle clusters with characteristic radii lOOA ! It may also be the case— 
especially if these regions are not in close contact—that the electron mean free path 
(and corresponding scattering times, etc ) is dominated by the single particle dimen¬ 
sion rather than the much larger particle dimension. This feature, noted recently 
by Curtin and Ashcroft, will be discussed further in Sec. Ill 4. 

In discussing the interparticle mteractions within these divided metals, another 
interesting analogy can be made with the Metal-Insulator Transition in nominally 
macroscopic systems (Fig 4). It is generally assumed that the electron number in 
each small metallic particle is constant. This innovation, due originally to Kubo^® 
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to 4 The metal-insulator transition in doped semiconductors and divided metals A schematic 
repr^ntation of the Mott-Hubbard Correlation Energy, U, in the doped semiconductor 

and the corresponding U' “charging energy” which maintains electrical neutrahty in the 
Divided Metal. 
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has its “atomic” counterpart in the Mott-Hubbard correlation energy, U. The 
energy required to charge a metallic particle of diameter D with a charge in a 
vacuum is V e^llne^D, where eo is the vacuum permittivity. This charge can only 
originate from the surrounding medium which is at a temperature T Therefore, 
when kT 10~* eV at 1 K, 0 03 eV at 300k) is less than e^jl-ne^D ( 'w 0.2eV 
for D = lOOA), the probability of electron transfer between particles is very small 
and therefore charge fluctuations are highly improbable Note however, that such 
considerations tell us httle about electron-electron correlation effects mthm a metal 
particle. One might imagine that for large metalhc particles—in particular those in 
reasonable proximity to adjacent particles—this charging energy is small such that 
charge fluctuation may indeed occur This situation is somewhat analagous to that 
found, for example, in doped semi-conductors and expanded metals vis-a-vis, the 
Mott-Hubbard correlation induced Metal-Insulator Transition.® The Mott-Hubbard 
correlation term U is, in the atomic limit, the different between the ionization energy 
(IPdonor) of the donor and the electron affinity of the donor (EAdonor) and 
U e^/ica* , where k is an appropriate dielectric constant and a* is the characteris¬ 
tic Bohr-orbit radius of the isolated donor state (Fig 4). 

Small M^allic Particles 

A reasonable working definition might be a small particle which possesses a 
considerable and sufficient number of electrons such that the usual descriptions and 
methodology of solid state (metal) physics remain appropriate Thus, one approach 
to the problem depicted in Fig 2 revolves around the consequences of particle frag¬ 
mentation within the framework of what one might term “bulk” solid state theory. 
Obviously, modifications due to the “smallness” of the system are added as a sort 
of perturbation This approach would, presumably, be inappropriate for metal 
cluster compounds consisting of, say, 10 metal atoms, which one might deem to be 
approaching the atomic or molecular limit However, as pointed out elsewhere,®’® it 
should give most useful and intuitive information when the particle dimensions 
are such that a realistic description is indeed one in terms of gradually reducing the 
Size of the macroscopic, solid sample In this spirit, a small metallic particle can 
then be considered as a solid with dimensions comparable to, or smaller than, some 
intrinsic length, for example, the electron mean-free path, the wavelength of light, 
etc 

It IS important to reiterate the view®’® that a very clear distinction has to be 
made between the electronic energy-level structure of the full thermodynamic, many- 
particle system, and the electronic structure of a single quantum-mechanical particle, 
both m a finite volume 

In a bulk metal, the electron energy levels form a continuous set which are 
generally interpreted as being independent of any particular boundary conditions 
imposed on the electron wave-function This standard picture must clearly be modi¬ 
fied for metallic particles of dimensions smaller than, say, 10®A Thus, the imposed 
truncation of the one-electron wave-function has two effects on the electronic proper¬ 
ties of the particle ® The first is a surface effect The fraction of surface atoms 
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increases rapidly as the particle diameter decreases For example. Fig 5 shows the 
effective fraction of surface atoms for sodium particles of various diameters. Thus, 
for sodium particles of less than lOOA diameter, at least 10 per cent of the consti¬ 
tuent atoms are located on the particle surface 

The second effect results from the imposed discreteness of the electronic energy 
levels due to the smallness of the system. For a particle containing N atoms, the 
spacing ( A ) of adjacent energy levels will be of the order* of Ef/N, where Ef is 
the Fermi energy appropriate to the bulk metal It is perhaps obvious (especially 
in hindsight), as was realized many years ago, that interesting effects should occur 
if the average value of A for a particle becomes comparable to, or greater than, 
some important characteristic energy. For example, when A is larger than the 

thermal energy, kT, the electronic Zeeman energy (gtfisH), the energy of incident 
radiation (ha>) etc. 

The resulting consequences are generally termed quantum-size effects. In 
Fig. 5, we also show the average one-electron energy level gap (calculated for 



Fio 5 The fragmentation of bulk sodium metal A plot of the average energy level separation 
as a function of the particle diameter D The figure also shows the calculated surface 
fraction of atoms in a particle as a function of particle diameter. 


♦See also ref. 10 for a discussion of this point 



DIVIDED METALS 


273 


sodium using A EfIN) as a function of particle diameter, with A parameterized 
in both eV and K Therefore, one anticipates size effects to be important, for 
example, when A > kT, so that for a Na particle with D lOOA, this condition 
would be satisfied below approx 5 K, for a particle with D ~ 30A the correspon¬ 
ding temperature is 300 K We also indicate in Fig. 5, the typical values of the 
electron spin Zeeman energies at both X—and Q-band operating frequencies. It 
seems clear, therefore, that for particles with diameters below ca 200-300A, magne¬ 
tic susceptibility, magnetic resonance and many other properties (e g. optical) may 
be greatly affected by this energy level structure In addition, it is widely soppos¬ 
ed^®’! ^ that the dynamic response of both electrons and nuclei m small metallic 
particles at a frequency m such that A ^ ■fi w may indeed be dramatically different 
from those of bulk metals. 

While we obviously have many suggestions from theory, the answers to many 
of the questions raised earlier will always be based on experimental .facts The aim 
of experimentalists in this area is to provide laboratory conditions whereby a variety 
of cluster properties can be observed from high-purity, stable particles with a very 
narrow size-distribution. Therefore, the rate-determining step to major theoretical 
innovation in this area relies heavily-one might even say completely-on the synthe¬ 
sis, characterisation and investigation of high-purity divided metal samples. In the 
following sections we present a very brief overview of a variety of experimental 
systems currently imder investigation. Here, the emphasis is on solid state materials, 
and a strong leaning towards the study of these systems yia magnetism, magnetic 
resonance and electron microscopy 


Probing the Electronic Structure of Divided Metals 

In order to handle and study Divided Metals they must clearly be prevented from 
accidentally interacting with themselves or any other substance which might perturb 
their properties In this section we outline just a few methods of^® realizing this 
aim. 


Phonon Softening in Metal Particles 


The electrical resistivity of an ideal (bulk) metal has been calculated by 
Ziman^® 

®dIT 


This is the well known Bloch-Gruneisen equation defining the Gruneisen function^^ 
Q(J®dIT)^ where C is a constant depending on the metal and the Debye 

temperature This describes the electron-phonon scattering process which causes 
transitions between A-states and hence gives rise to electrical resistivity in the bulk 
metal It is therefore possible to define a reduced resistivity Pr/Pr( 5 )^ given by 

'Pr/Pr@^ = 1 056 (27®^) ^((So/T’) where Pr, Pr@^ are, respectively, the ideal 
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resistivities at temperatures T and Fig 6 shows a plot of the experimentally 

measured electrical resistivity of bulk potassium metal (filled squares) and the 
theoretically predicted variation of Pr/Pr@^ vm the Bloch-Gruneisen relation. 

As one can see there is excellent agreement between the observed and theoretical' 
resistivity behaviour One might ask, therefore, “How does this description 
of the electron-phonon interaction survive as we successively fragment a bulk metal 
into small particles'^^” (Fig 2). To investigate this, we consider direct conductivity 
measurements on fine particles of A1 and Ag, as well as conduction electron spin 
resonance (c e.s r) measurements on the alkali metal colloids 

We turn first to the measurements on A1 and Ag 

An alternative representation of resistivity data at various temperatures 
involves treating the Debye temperature as a floating (temperature-dependent), 
parameter In this way, can be derived from resistivity measurements by 
fitting the experimental data to the Bloch-Gruneisen function Ohshima et 
have reported resistivity measurements on A1 and Ag particles with diameters down 
to lOOA Their data are reproduced in Fig 7 with the appropriate values of (g ^ 


Reduced resistivity, 
spin relaxation rote 




Or 


(^le )t 



0 2 0 4 0.6 06 

Reduced temperature ["P/Qol 


Fig 6 The duality of electron spin and resistivity scattenng in bulk and colloidal potassium A 
plot of the experimental reduced electrical resistivities and spin-relaxation rates against 
reduced temperature for potassium The solid line is the theoretical Bloch-Gruneisen, 
relation (eq 2). 
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Phonon Softening in Divided Metals 



JFto 7 Phonon softening m small particle samples of A1 and Ag The plot shows the experimental 
resistance of the samples as a function of T-^, for various particle sizes (D). The denved 
(eq. 2) Debye temperatures are also shown.^®’^* 


from experiment, m each case, the solid line is the theoretical resistivity variation 
-(from q 2) using the suitable Debye temperature (shown also). 

This lowering of the Debye temperature or “phonon-softening” in small 
metallic particles has been observed m a variety of systems. It has been suggested 
that the phonon spectra of a small particle is modified from that of the bulk metal 
in two ways; a low frequency cut-off due to the restriction of a finite particle size 
and a general lowering of phonon frequencies due to the weaker vibrational 
potential of the surface atoms 

Another technique for directly probing the electron-phonon interaction is 
■c e.s r , recent studies on alkali metal colloids^o’ai—respectively large with D 
1000-1 500A—rely on the apparent duality of both electron-phonon and spin- 
phonon interactions in metals. 

Elliott’s®^ relation between the phonon spin-lattice relaxation rate and the 
■corresponding resistivity relaxation rate (which is proportional to the electrical 
resistivity) is 

n? = =. (A*)“ T-‘. (3) 

where a is a numerical constant and Ag is the deviation of the observed electron 
g-factor from the free spin value (2 00231) 

It was suggested by Yafet^^ that 17 / may also be described by the Bloch- 
‘Gruneisen function (eq 2) with a different constant C which now involves its matrix 
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elements of the spin-orbit coupling operator between spin-up and spm-down Bloch 
wave functions Yafet’s^® detailed calculations showed Tj/ «= T® at low tempera¬ 
tures, changing to T~l oc J at high temperatures This prediction for the c e s r. 

case is observed for the corresponding temperature dependence of the electrical 
resistivity in a wide range of metals To illustrate this duality in both electron spin 
and resistivity scattering processes®^ in the alkali metals and colloids, we show m 
Fig 8 the intrinsic electron spin relaxation rates m sodium, potassium and rubidium, 
colloids (P > 10®A) as well as the corresponding electrical resistivities of the bulk 
metals Note also that c e s r data for bulk potassium are also included in Fig 8, 
and these are in agreement with the form of the colloidal particle results We can 
see, therefore, that there are indeed clear parallels between the temperature depen¬ 
dence of the electrical resistivity and spin relaxation rates for these three metals. 
Fipm eq. 2 it is also possible to define a reduced (intrinsic) spin relaxation rate 

(I7/’)r/CT“^)(g)jt), in analogy to the reduced resistivity (Fig 6), where the subscripts 

denoted a temperature T and the Debye temperature, respectively Since Ag is 
temperature independent, eq 2 indicates that the similarly defined reduced spin rela¬ 
xation rate should be described by the same Bloch-Girmeisen function. In Fig 6, 
these quantities are plotted both from resistivity and c e s r measurements on 
potassium (bulk and colloidal samples) along with the function defined by eq 2 
assuming a Debye temperature of 110 K. 

One can adopt a similar procedure to that outlined for resistivity measurements for 
processing the electron spin relaxation data, namely, treating the Debye temperature 
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Fig 8 The temperature dependence of the intrinsic electron spin-spin relaxation rates as a 
function of temperature for sodium, potassium, rubidium and caesium colloids Also 
included is the corresponding temperature dependence of the ideal electrical resistivities 
for these metals In all cases the temperature exponent is indicated (Ref 21) 
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Fro 9 Experimental Debye temperatures for sodium and potassium derived from bulk electrical 
resistivity and colloidal c e s.r. measurements. Note the decrease in @jj for the colloidal 
particles (Ref. 21) 

as a temperature-dependent parameter and evaluating the characteristic temperatures 
from the resistivity and spin-relaxation data, respectively. The results for sodium 
and potassium are shown in Fig 9. Once again, one sees a reduction in the Debye 
temperature or “phonon softening” in these small metallic particles It is interest¬ 
ing to note that this reduction is (g d for both the alkali samples,and those of 
A1 and (Fig. 7) appears to be a smooth function of D, for diameters down to 

150A (in the case of Al) and lOOA (in the case of Ag). However, we once again 
raise the question of the microscopic nature of the Al, Ag samples; namely, the 
•considerable difficulties of actually measuring electrical resistivities for very small 
samples which may well be more representative of a percolation problem ^ Simi¬ 
lar problems may also pervade the c e.s r. studies on quenched metal solutions, 
but it is interesting to note that there does appear to be a rather impressive 
adherence to the BIoch-Gruneisen function for particle sizes down to approximately 
SOA.*”®’®® This suggests that only minor changes occur in the gross details of the 
lattice (phonon) spectrum of these divided metals for dimensions down to the onset 
of the quantum size-effect regime 

Ionic and Metallic Species in Zeolites and Vycor 

A large number of inorganic materials contain regular cavities or vacancies 
forming networks or parallel channels In zeolites the size of the cavities is typically 
in the range from 2-I2A Within these cavities metal clusters and particles can be 
sorbed or produced m situ In addition, the availability of several types of zeolites 
means that different three-dimensional arrangements of cavities can be investigated 
for preparing and stabilizing small metallic particles. In recent work-’'’^® we have 
concentrated on faujasitic zeolites in their sodium, potassium and rubidium-cation 
exchanged form A representation of the structure of faujasitic zeolites is given in 
Fig 10 

The polyhedron with 14 vertices (tetrakaidecahedron) in Fig 10 is known as 
the sodalite or p-cage and is the principal building block of the 3 structures shown 
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Truncated octahedron 



Zeolite A Sodalite 



Faujasite (zeolites X and Y) 

Fro 10 The sodalite cage and the structure of zeolites belonging to the faujasite family. The- 
framework oxygen atoms and exchangeable cations are not shown 


m the figure Only one type of cavity occurs in sodalite, with a diameter of 6 SA 
and accessed through small 6-membered pores some 2 2A in diameter There are 
approximately 6 alkah metal cations in each sodalite cage 
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Zeolite A IS a synthetic mineral with no natural counterpart. The sodalite 
■cages are connected by double four-membered rings, forming an interconnected set 
of larger cavities within the material known as a-cages with a diameter of 11.5 a and 
accessed through eight-membered pores 4 lA in diameter There is one a-cage for 
every sodalite cage and 12 alkali-metal cations are distributed between them. 

Zeolites r and Y are the synthetic counterparts of the naturally occurnng 
mineral faujasite Here the sodalite cages are connected by double six-membered 
rings forming an interconnected set of even larger cavities within the material known 
as a-cages (or supercages) with a diameter or 12 5a and accessed through 12 -mem- 
bered pores 7 5A in diameter. 

Two distinct species can be formed following the reaction of, for example, 
Na+-exchanged Zeolite Y with the vapour of sodium, potassium, rubidium or 
caesium metals The relative amount of the two species can be changed by 
varying the concentration of the alkali vapour. 

Ionic Clusters in Zeolites The exposure of Na+-Zeolite T to a low concentra¬ 
tion of alkali vapour results in brightly coloured samples whose electron spin reso¬ 
nance (e.s.r) spectra are characteristic of the ionic cluster, Na|+ This species 
consists of an unpaired electron interacting with 4 equivalent sodium nuclei (2®Na, 
/ = 3/2, 100 per cent abundance) Similarly, the reaction of K+-Zeolite Y with alkali 
vapour gives rise to the correspoding potassium species Ki+ The e.s.r results®’’®* 
are summarized in Fig. 1 1 Interestingly, no e.s r signals indicative of Rhl^ clusters 
were ever found in corresponding reaction with Rb+-exchanged Zeolite Y. Thus, 
the reactions of Na+-and K+-exchanged Zeolite with low concentrations of alkali 
metal vapour can therefore be written (in a manner formally akin to the formation 
of an F-centre) as 

4Na+ -1- M® -> Na|+ -f JH+ 
and 4K+ + M« + M^, 

where M® represents the vapour of sodium, potassium or rubidium. The available 
evidence to data suggests that the ionic Ml+ clusters are almost certainly accommo¬ 
dated within the sodalite cages (p cages) m the structure, as shown in Fig 12. We 
believe that the rubidium ionic cluster Rb^’*' either does not form at all, as it is 
unstable to disproportionation with respect to small metallic particles Specifically, 
computer simulations (shown in Fig 13) suggest that geometrical/spatial considera¬ 
tions may well form the most important feature in inhibiting Rb|+ formation m the 
sodalite cage Consistent with this, we note the difficulty in routinely exchanging 
Na+ cations in Zeolite-F for the corresponding Rb+ cations 

Metallic Clusters in Zeolites : Exposure of Zeolite samples to a high concentra¬ 
tion of alkah vapour results in dark-coloured (generally blue/black) samples with an 
e s r signal characteristic of small metallic particles These may also be initially 
located within the sodalite cages, but at high (metal) doping levels we have assumed 
that the large “metallic” clusters are accommodated within the a-cages (Fig. 10). 
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Rb particle 




1st derivative 2nd derivotive 

Fig 11 Esr spectra of alkah-doped zeoLte Y samples, showing both 1st and 2nd derivative- 
spectra Here we show the Na|+ cluster in zeohte Na+ - Y, th e K ^+ cluster in zeolite 
K'*' — Y and the rubidium metallic cluster observed in Rb'*' — Y zeohte after exposure 
to rubidium vapour ” 

There is, as yet, no structural data on these metal-loaded Zeolites to confirm’or 
refute this suggestion. 

As we have noted in Sec II 2, and III, 1 the electron spin relaxation rate in 
metal particles depends critically upon their size. If the particles are sufficiently 
large such that A ge H (Fig. 5), the electron-spm surface scattering rate (and 
hence the e s.r line width) should vary inversely with the diameter of the particles 
Here, spm-phonon scattering closely follows the Bloch-Gruneisen law (Figs 6, 8) 
and the magnetic susceptibility follows a Pauli-type, temperature-independent para¬ 
magnetism. Conversely, if A ^ geH-sH, then both surface scattering and phonon- 
scattering mechanisms are quenched. Thus, relatively narrow e.s r signals can be 
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Fig 12 An illustration of a sodahte cage containing a Na^^ cluster of (presumed) tetrahedral 
geometry 



Fig 13 A scale view of a Na^"^ cluster within a sodahte cage Top nght, a cluster drawn to 
scale Bottom nght, a hypothetical cluster 


observed at comparatively high temperatures (r/®/) 0 5-1 0), even m the heavier 

metals^® for which spin-orbit coupling constants are very large In addition, the 
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paramagnetic susceptibility of the particles is expected to follow a Curie-type varia¬ 
tion with temperature. 

This quantum size-effect was predicted to occur in sodium particles smaller 
than lOOA, which is certainly much larger than the particles postulated to be in the 
Zeolite cavities. Therefore, it has been suggested that the “metallic” e s.r signals 
observed m the concentrated samples are characteristic of small particles of alkali 
metal located within the Zeolite cavities. As expected, the electronic g-factors of 
the metallic particles (Table I) highlight the very great importance of the spin-orbit 
interaction in the heavier metals. Most striking, the particles of the heavier metals 
K, Rb and Cs appear to be small enough to quench the usual rapid spm-relaxation 
mechanism operative in bulk samples of these elements. A possible explanation 
rehes on the relative size of the atoms; more sodium atoms can obviously fit into the 
Zeolite cavities than can rubidium atoms. Thus the sodium metallic particles possibly 
contain more atoms than their rubidium counterparts and hence have properties 
more similar to the large, colloidal samples discussed earlier (III 1) Our recent 
Faraday susceptibility experiments®" reveal that heavily loaded sodium samples (for 
which the “small metallic particle” e s r. was observed) show a paramagnetic suscep¬ 
tibility behaviour which follows a Curie-type variation with temperature. These 
metal-loaded Zeohtes may therefore be ideal materials to study the unsual electronic 
properties of small metallic particles 


Table I 


Electronic g-values for alkali metal particles in Zeolites and Vycor 


Metal 

Particles m Vycor* 

Particles in Zeolites” 

Bulk Metal 

Sodium 

1 996 ± 0 001 

1 9997 

2 0015 

Potassium 

I 999 ± 0 001 

1 9978 

1.9997 

Rubidium 

1 988 ± 0 001 

1 989 

1 9984 

Caesium 

2 010 ± 003 

— 

2 013 


•ref 31 
» ref 28 


Similarly, we have recently investigated the use of porous “Vycor” glass as a 
supporting matrix for silver and alkali metal particles This glass is perforated 
with channels between 40 and 70A in diameter, and thus contain larger cavities than 
m Zeolites We have reported a variety of methods of preparing Vycor-supported 
silver particles, as well as alkali metal colloids supported by Vycor glass. The g- 
values for one sample each of sodium, potassium, rubidium and caesium arc given in 
Table I The g-values in Table I are indeed very similar to those of metal particles 
in Zeolite-T and m some cases differ significantly from the bulk values (which are 
also given for comparison) 






DIVIDED METALS 


283 


Transition Metal Cluster Compounds 

There exists a wealth of well characterized metal-cluster complexes® which are 
ideal candidates for the study, amongst other things, of the genesis of “metallic” 
properties from the molecular regime.®^ These clusters generally have a poly¬ 
nuclear, metal-metal bonded core and a tightly bound outer ligand covering of, for 
example, CO molecules Thus, the cluster carbonyls of various transition elements 
have been shown by X-ray crystallography to exhibit many different geometries. 
These compounds represent cluster fragments effectively isolated from adjacent 
cluster units by inert sheaths of carbonyl ligands. In Fig 14, we show a representa¬ 
tion of the typical metal atom geometries in transition-metal carbonyl clusters.®® 

A recent study of magnetism in the cluster compounds of osmium begins to 
shed light on the evolution of certain aspects of what one might term “metallic” 
behaviour. Johnson et al report measurements of the magnetic susceptibilities of 
a series of cluster compounds of osmium (Fig. 15) over the temperature range 1.5- 
300 K With the exception of the hydrido cluster H20SioC(CO)24 the magnetic 
susceptibilities of the entire series of clusters were rigorously temperature indepen¬ 
dent down to 1.5 K It IS possible to estimate from these data the excess para¬ 
magnetic molecular susceptibilities after allowing for the lon-core and hgand 
contributions.®® The observed susceptibilities (Fig 15) are most naturally interpreted 
as arising from a Van Vleck paramagnetic contribution to the susceptibility This 
modification arises from the modification of the cluster wavefunction caused by 
the external magnetic field. The modified wave function is described by the admix¬ 
ture of excited states in which electrons are ‘promoted’ from occupied bonding 
orbitals to the first unoccupied (antibonding) levels. The increase in this Van 
Vleck paramagnetism (Fig 16) suggests that the charatceristic energy gap 
separating filled from vacant orbitals decreases with increasing cluster size Note 
also in Fig 15 that the high nucleanty cluster HaOSioC(CO )24 behaves in a rather 
different fashion, showing a marked temperature dependence in the susceptibility at 
low temperatures Obviously, paramagnetic impurities can play havoc with any 
interpretation of genuine (i e intrinsic) paramagnetism In the study of osmium 
cluster carbonyl, strenuous efforts were made to eliminate possible paramagnetic 
contaminants In addition, recent studies of the magnetic behaviour of high nu- 
clearity platinum clusters®® and “Cherry” crystallites®* [eg. Ni 38 Pt 6 (CO) 48 H 6 _n]’*~ 
{n = 5,4) ions show unusual magnetic behaviour 

It IS interesting to question theoretically how the Van Vleck paramagnetism is 
modified as the characteristic HOMO-LUMO energy gap changes ®®’®* We take the 
molecular cluster as having no magnetic moment m the ground state (as required by 
most bonding models) Suppose there is a non-diagonal matrix element («| /tz 10) of the 
magnetic moment operator, connecting the ground state D with the excited state n of 
energy A = above the ground state Then by standard perturbation theory 

we see that the wave function of the ground state in a small field A) becomes®® 


'j^o = 4'o "b 


(Hn \fx.\0) 

-A- 
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Typical Metal Atom Geometries 
m Cluster Corbonyls 



Of3(C0)|2 H4084(C0),2 

triangular tatrohadral Rhg(CO)|g 

octah«dral 




0se(C01ie 

copped triagonol bipyramid 
(poiytetrohedral ttrueture) 




[Oi,oC{CO)24]*' 

tefra- capped o eto h ed ron 
(fragment of f.c.c structure) 


JH2R h 15(00)24] 
onticuboctahedron 
(fragment of h c.p. 
structure) 




[Rh,4(C0)25f‘ 
fragment of b.&c. structure 


[RI* 15^2 (CO) 20 ] 
pentogonal structure 



[pt|9(C0)22] 
pentagonal structure 

Fio 14 A representation of the typical metal atom geometries m transition metal carbonyl 
clusters For clarity, the carbonyl ligands have been onutted. The open circles denote 
interstitial C atoms in the cluster 
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Fig 15 The excess molecular susceptibility in osmium cluster carbonyls. 



Fig 16 Paramagnetism in osmium cluster carbonyls, thevanation of the high temperature (298 K) 
excess molecular susceptibility for osmium cluster compounds of increasing nuclearity 
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and the wavefunction of the excited state becomes 




mo 1 /X* 1 n) 


4'o 


The uppei state then has a moment 

-2/ri(/jI/x,|0)I7A 

The total (induced) magnetic moment in the system is now 

(n 1 I O) {1 - (exp (- mT))} 
- 1 -f- (exp ( — A/AtD) 


Consider two limiting cases 

(a) L<kT 

The surplus population in the ground state is approximately equal to N^jlkT, 
where N is the Avogadro number, which gives for the suceptibility, 

Y _ ^! (« 1 1 0) P 

^ “ kT 

This contribution is of the usual Curie form, although the mechamsm of magnet¬ 
ization here is through polarization ofjthe states of the system, whereas with “free” 
spins the mechanism of magnetization is the redistribution of ions among the states 

(b) A > 

The population now is almost nearly all in the ground state, so that the 
susceptibility is, summed over all suitable states n, 

X = 2N 

-On — -Oo 
n 

and independent of temperature. 

Thus, the observed (Fig 16) increase in the Van Vleck paramagnetism in the 
larger clusters may in part, be associated with the gradual dimmuition in En — Eq 

Finally, it is interesting to speculate^® on the most noticeable lack of nuclear 
magnetic resonance (nmr) observations on the large platinum (and other) mole¬ 
cular clusters ** The possible occurrence of such a large (induced) paramagnetism 
will give rise to a concomitant paramagnetic contribution to the nmr. chemical 
shift 32 This, for nuclei in a fairly low symmetry environment, relaxation via 
chemical shift anisotropy may well be extremely efficient in these large clusters, 
leading to excessive nmr line broadening 

Colloidal Metals Revisited 

This paper was begun with a brief reference to Faraday’s remarkable observa¬ 
tions^ on the nature of colloidal gold as a Divided Metal In this final section, I 
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Will give a brief mention of more recent studies on colloidal gold^’®® My aim 
here is to show how key experiments on this old and venerable area of Chemistry 
are now possible given the considerable power and utility of High Resolution 
Electron Microscopy 

Colloid Chemistry is one of the oldest branches of ihe chemical sciences, once 
thought by many to be past its zenith Within this last decade, however, there has 
been a powerful renaissance of interest in the subject, particularly as regards the 
chemical and physical properties of colloidal aggregates of small metal particles 
These colloidal particles represent a domain of matter intermediate between the 
bulk, macroscopic metallic state and the microscopic world of atomic and molecular 
clusters (Fig 2) 

Fig. 17 shows a high resolution micrograph of a colloidal gold particle of 
diameter 50-55A. Here the atomic planes in the constituent twinning particles may 
possibly be now identified Such investigations will, I feel, lead to a detailed 
microscopic picture of the composite topology of colloidal particles Our initial 
work suggests that the colloidal particle is a collection of intergrown subcomposites 
In these systems, the electronic scattering time tr may be dominated by a scattering 
length determined by the single, subcomposite dimension, rather than by the much 
larger colloidal dimension This “cluster” composite view has recently been 



Fig 18(o) Transmission electron microscope photographs of (a) gold “tngons” 
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Fro 18(6) Spherical particles 


advanced by Curtin and Ashcroft^'^ to account for far-mfrared absorption coeffici¬ 
ents in small particle systems Colloidal gold can also be formed as pentagonal 
bipyramidal particles Fig 18 shows gold sols prepared m our laboratory both by 
citric acid (platelets) and sodium citrate (spherical particles) routes The conditions 
for both preparations are identical (the same volume of 1 per cent solution of each 
reducing agent added) One’s hope is ultimately to develop morphology-selective 
preparations of small gold particles 

One must conclude that, just as in Faraday’s day, attempts to characterize and 
explain the physico-chemical properties of colloidal, divided metals still pose a 
strong challenge to experimenter and theoretician alike 

Conclusion 

The title ‘Divided Metals’ is m some ways a misnomer, if the individual grain of 
matter is sufficiently divided, one anticipates a transition to insulating behaviour ' 
(see Fig 3) However, 1 hope to have illustrated that a ‘gedanken experiment’-as 
popularized in Fig. 2 may indeed be a reflection of genuine experimental systems 
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which Straddle the demarcation between the macroscopic and microscopic regimes 
of matter. I have noted that a reduction m the number of atoms contained within 
a gram of solid metal may lead to interesting changes in electronic properties due to 
the appearance of a respectable energy gap in an (assumed) continuum of levels 
The further fragmentation of an erstwhile metal particle may lead to an even more 
drastic modification, namely, the cessation of metallic conductivity wilhin the gram 
of matter The precise experimental conditions for effecting the transformations 
(noted m Fig 2) for a single system may appear elusive However, an examination 
of a variety of experimental systems allows one to assemble various ‘snapshots’ of 
each of the individual situations in^ “ a metallic divided state ’ 
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STRUCTURE AND SUPERCONDUCTIVITY IN 
TERNARY SYSTEMS OF COMPOUNDS 
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The structure and superconductivity exhibited by the metal excess ternary 
systems of compounds, with special references to the Chevrel phases, rare 
earth rhodium borides ^d transition metal phosphides are discussed, in addi¬ 
tion to the other interesting physical properties Cluster formation, 3i/- 
network with simple crystal symmetry and charge transfer effects are important 
for the realization of high Tc superconductivity 

Key Words: Metal Excess Ternary Systems; Superconducting Compounds; 

Ternary Superconductors 

Introduction 

A ternary compound is one which contains three elements each occupying a distinct 
set or sets of crystallographic lattice sites and preferably one element should be a non- 
metal. Examples are • BaTiOs, YsFesOis, PbMoeSs etc. This crystallographic 
definition clearly distinguishes ternary compounds from binary or pseudo binary 
phases (e g , LixNiuasO (Vi_aCra,)203, MoaRe4S8 etc) in which only two sets of 
lattice sites are occupied or which contain only two species of elements Metal 
excess ternary systems (METS) of compounds are those in which only part of the 
valence electrons are involved in bonding (say, with the non-metal) and the excess 
valence electrons of the metal(s) will partially fill the conduction band formed by 
the overlap of the requisite metal s-, p- and d^-orbitals Examples are PbMosSs, 
ErRh4B4, PbaRhsSs, ZrRuP, NbReSi etc Thus, METS compounds invariably exhibit 
high electronic conductivity and metallic behaviour. Theoretical considerations 
reveal that superconductivity in a metallic material can occur whenever there is a 
large density of electronic states at the Fermi level in a partially filled conduction 
band (preferably a narrow band) and a favourable electron-phonon interaction 
Hence, METS in principle, satisfy the requirements for the exhibition of super¬ 
conductivity 

Superconductivity, the phenomenon of vanishing electrical resistivity in a 
substance below a certain critical temperature (Tc), is not uncommon and many 
metals, alloys, mtermetallics, binary and ternary compounds and organic charge- 
transfer complexes become superconducting at low temperatures Fig 1 gives a 
survey of the known superconductors Of the more than 1000 superconductors 
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BINARY COMPOUNDS 
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TERNARY SYSTEMS 
10iid«s 

SrTiOs., , BoPb,.,6i„03(a3S<*<a.1S) 

2 Chalcogenides 

a SnNb$3 PbTaSj^ 

b AxMX2(MsNbTQ Mo,W, XsS>e, 

A=metal. solvated ions or organic) | 
Layer intercalation Compounds I 

c CuRh2X4 eXsS Se.Sptncls) 
d Chevret Phases AxMo^X^ (A= Metal, 
X:=S Se) . MogS^lj 

3 Misc T«rnari«s 

o Borides LnRh^a4( Inz Rare oarth or Y), 
LuRu 82« URh3B2 
b Cortwdes M03IU2C , H02BC 
c Silicides CcCii2Si2 f ln2Fc3SiS3 
Ln5M4Si^ <M=Co Rhjr) , TafteSi 

d Gcrmanides (.05^4 CC|q , Ln3M4Gct3 . 
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MrRh Os , **-10, 

t Pnictides (XsP As) ZrRuXlXsP As), 
WbPS , lnM4P^2tN=Fe^Ru)_ 


Fig 1 Survey of the known superconducting materials 

Icnown, only a handful possess Tc greater than 10 K and these are called high Te or 
Jtigh temperature superconductors. The intermetallic binary compound NbsGe has 
the highest Tc of 23 2 K of all the known materials whereas PbMoeSg with Tc of 
15 2 K IS the highest known for a ternary METS compound. Since a large number 
of compounds are known or can be synthesized and also since chemical manipulation 
is easily possible in them, the METS compounds do seem to offer a better scope for 
the realization of high Tc and high critical magnetic field (Hc 2 ) materials than the 
binary compounds and alloys. As a result of intense research activity during the 
past decade, many METS compounds have been isolated, their crystal structures 
determined and their superconducting properties investigated (Table As can 

be seen, high Tc superconductivity is observed m several ternary borides, carbides, 
sihcides, phospludes, oxides and chalcogenides From the studies carried out on 
these METS compounds a wealth of information and interesting physics and 
chemistry have come about not only with respect to the superconducting behaviour 
but also the coexistence of magnetic order and superconductivity, reentrant behaviour, 
intermediate valence, heavy Fermion behaviour and mixed (electronic and ionic) 
conduction The unique superconducting and magnetic behaviour of the ternary 
compounds must necessarily arise due to their detailed crystal structures and stoichio¬ 
metries in a fundamental way 

In the following Sections we shall reiterate the available guidelines and crystal 
structuie-property correlations established for the METS superconductors and 
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Corapnd 

Structure Type 

LattParaiii,(i) 

r.,K 

Reference 

LlRliB, 

CeCoAitetra) 

a=5.3,c=7.4 

in 

Matthias elfli.' 

Y(R11()55Ri 1( uljBj 

LuRu,Bi(tetra) 

a=75;c=W) 

96 

Johnston’ 

LuRuBj 

LuRuBj (ortho) 

a=5.8,b = 52,c = ()3 

10.0 

Ko and Shelton* 

MOjAtf 

P-Mn (cubic) 
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•Structural instabilities exhibited by them This is followed by a brief discussion of 
the structural features of the well-studied METS superconductors and the interesting 
and exotic phenomena exhibited by them. The data are condensed in the form of 
figures and tables and elaborate discussions are avoided. For a detailed discus¬ 
sion of the METS superconductors the reader is referred to the reviews and 
books 


Empirical Guidelines and Structure-Property Correlations 

According to the McMillan-Alien-Dynes formalism of the original BCS theory on 
the origin of superconductivity m a metal Tc is directly dependent on the density of 
■electronic states at the Fermi level, the electron-phonon interaction and phonon 
density of states, the latter being proportional to the Debye temperature. It is not 
easy to quantify the above parameters (which govern the Tc) in the absence of detailed 
information on the crystal structure, electronic band structure and low temperature 
physical properties for a given system. 

Matthias®* and Vandenberg and Matthias®® and Vandenberg®^ have enunciated 
a few guidelines for the prediction of superconductivity m binary and ternary 
systems These guidelines have been developed empirically but with qualitative 
theoretical support and successfully applied for the realization of many binary and 
ternary high Tc superconductors The Te of a material is found to be a sensitive 
function of the crystal symmetry, atomic order and/or stoichiometry, metal atom 
clustering, lattice instabilities and atomic properties such as average valence electron 
concentration. Clustering of the metal and/or non-metal atoms is an important 
feature of the high Tc ternary superconductors. That is, the existence, in the crystal 
lattice, of metal and/or non metal atom pairs, triangular, tetrahedral or octahedral 
clusters with short intracluster distances (of the same order of magnitude or less 
than in the parent metal; e g , PbMoeSs with Mos clusters; LuRh 4 B 4 with tetrahedral 
Rh 4 clusters and Bi pairs) In addition, the existence of relatively short mtercluster 
distances 20 per cent of the intracluster) is an essential feature since this will 
ensure conduction band formation and metallic nature of the material while the 
metal atom clusters ensure the existence of large density of states at the Femu level. 
Furthermore, high Tc superconductivity is encountered in systems containing 
‘isolated’ clusters of metal atoms in the crystal lattice. Whenever, there is a ‘conden¬ 
sation’ or ‘fusion’ of clusters (by corner, edge or face sharing, e g , as m Ag 4 Mo 9 Seii, 
TlMoaSs, LaRuiBi), the Tc gets lowered The important structural features and 
crystal chemical relationships of METS superconductors are summarized and 
presented in Table II 

In binary superconductors, it is well known that certain crystal structures are 
favourable to high Tc superconductivity (e g , cubic p-tungsten (A 3 B), a-Mn, NaCl 
and PU 2 C 3 structures) In ternaries, no such favoured structures have yet been 
found, probably due to lack of sufficient data but generally it is found that high 
crystal symmetry (cubic, tetragonal, hexagonal or rhombohedral) combined with a 
3D-network structure favours high Tc (eg., PbMosSa. rhombohedral, LuRh 4 B 4 
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Property 


Chevrel Phases Borides StannideslnMiSnu ZrRiiP(As) 

LnMoA -—— (M=Rh;Os) 

LnRhiBi LnRuBa [Ln8RhjSnij(I) Siii(II)] 


Crystal Structure* Rhomhohedral-hexagonal Tetragonal Orthorhombic Cubic or distortedcubic Hexagonal (FcjP type) 
(a'^90A,C'''ll 5A) (fl'v53A,C(v74A) {aD/^iUot^lOn} (fl'vb.si, C'^38i) 

c-«A) 

Metal atom Octahedral Moj clusters Tetrahedral Rhi Zig-zag chain clusters Pairs (Sn,) Triangular clusters 

clusters'' clusters ofLu ofRu 

Rare earth atoms Largeconcn(~7at/i) Large conen Large conen Large conen 

orions' ('^llat%) (-^25 at*/,) (^Uat"/) 

Role of third SorSeions ila pairs Bj dimers exist which Sn atoms at the site II P or As ions 


Supercond Trans Arises from Mo4(f band 


Tenip« (Tj-l-llK) 

Magordtemp/ Low(0,5-1 OK) 


AnsesfrofflRh-4(/ 
band (5-12 K) 
Reasonable 
7’«,(1-12K) 


form zig-zag chams 
Arises from Ru-4i/ 


band (n- 3-10 K) 
Low r, (1-2 K) 


Mostcertainlyfroffl 

[Sn-(5s,Sp)](l-9K) 

Reasonable 

r«(l-llK) 


Arises from Ru-4d 
band (13 K) 


0 

<1 


»The crystal lattice is a truly 3D network structure The phases are isostructural for a given ternary but lattice constants vary with the Ln or A 
atom or non-metal, 

% intracluster (or pair) distances are very smal 2 5-3 OA, same order as in the respective metals) and the intercluster distances are not 
very large This leads to strong metal-mtal bonding and also conduction band formation. 

'Ln forms part of the crystal lattice and hence is distributed uniformly but isolated effectively (Ln-M dist } 4A) from the conduction electrons 
Also 4f electrons support a large magnetic moment 

^thirdelementaidsmthestabilisationofthestructureandhasthemajorrole of an anion Detailed structural analysis and Mossbauer 
study have shown that Snfll) site differs from Sn(I) site Ln size (atomic or ionic radius) is not critical except for LnRhiBj for the formation 
of proper phase 

'The Mo, Rti and Rh4d conduction bands are narrow can be high (10-15 K) for nonmagnetic Ln (La, Yb,Lu or Y) or other elements 
(eg A=Pb,SnorCa) 

/Magnetic ordering can be ferromagnetic or antiferromagnetic and is exclusively due to the Ln-ion or atom, No superconductivity is observed 
at any temperature, when r*, is > 5 K in bondes and stannides 
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tetragonal; ZrRuP . hexagonal) On the other hand, by trial and error, it has been 
established that certain crystal structures are not favourable to high Tc superconduc¬ 
tivity. Examples are • Rare earth ternary rhodium borides and silicides, LnRhs^fa 
(X = 5 or Si) with the undistorted hexagonal structures,32-34 and borides with the 
perovskite structure, LnRhaS,®® ternary phosphides and silicides with the ortho¬ 
rhombic TiNiSi or C 02 P or anti PbCh structure, MM'X {X — P or Si; M = 
transition or rare earth metal and M' =- transition metal)i®’i3a ^nd ternary silicides 
MM^Sh with the tetragonal (ThCnSia) structure.®®’®’ 

Yvon® pointed out an interesting feature of the high Tc ternary superconductors 
in that for those systems which do not possess cubic symmetry, the crystallographic 
cla axial ratios fall usually close to ‘special’ values such as 2, V2, ^3/2 etc. 

The physical origin of this correlation is not yet clear except that it seems to 
indicate the influence of Bnlloum 2 one effects and simulation of pseudo-cubic 
symmetry behaviour. 

Another important empirical guideline is the role played by electronic charge 
transfer effects and the electro-negativity of the non-metallic constituent in inducing 
high To superconductivity in ternary systems This is exemplified by the behaviour 
of the compounds ZrRuP and ZrRuSi. Both crystallize m the hexagonal Fe 2 p 
structure, which is conducive to high Tc superconductivity. However, while ZrRuP 
exhibits a To of 13 K, ZrRuSi is not superconducting above 1.2 K Since P or Si 
atoms are isolated in the structure (no P-P or Si-Si bonds exist) it is reasonable 
to assume that they are present as P®- and Si"*- in ZrRuP and ZrRuSi respectively. 
Since zirconium is always tetravalent there is no effective charge transfer from Zr to 
Ru in Zr^+RuSi^~ whereas one electron is contributed to Ru conduction band in 
Zr*+RuP®“ Similar arguments can be applied to the isostructural series of com¬ 
pounds NbRuSi, NbRhP, NbReSi, etc where changes in electronic band structure 
are effected by changes in X and M atoms and where the M' transition metal atoms 
act as a source or sink of electrons Such empirical considerations have led to 
the recent discovery of superconductivity in ternary silicides, MM'Si {M = Nb, Ta, 
M' = Ru> Re) 

Thus, it appears certain that the existence of isolated transition metal and/or 
non-metal clusters, and a 3D-network structure with overall simple crystal symmetry 
give rise to large electron-phonon coupling constants and favourable phonon- 
density of states and large Debye-temperatures essential for high To m METS 
compounds 


Superconductivity and Structural Instabilities 

Lattice instability is a characteristic feature of many high To superconductors e g , 
A15 structure compounds, transition metal carbides and nitrides ®® In the AMoeChs 
chalcogenides the A atoms, when small, vibrate anharmonically; many of them 
undergo structural phase transformations (e g ,Cu, Co andZn-containmg compounds) 
In particular, the compounds exhibiting the highest Tc’s, PbMoeSs and SnMoeSg, have 
been found to show some structural instabihty recently 
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Many of the other high Tc ternary superconductors also tend to be metastable- 
since they compete with other phases of different structure or of slightly different 
composition Thus, there are four different modifications of the LuRh454 borides 
already known and still more seem likely to exist In the case of the super¬ 
conducting stannides Ln 3 Rh 4 Sni 3 , as many as three different phases of almost the 
same composition have been reported A siimlar situation occurs with some of 
the superconducting chalcogenides because slight variations of the metal to non> 
metal atom ratio can produce a series of closely related (isolated or condensed), 
cluster compounds, such as InMoeSeg, In^^-aMoisSeig, In 2 Moi 5 Sei 9 and InMos 

Sea 


Structural Aspects of METS Superconductors 


Ternary Molybdenum Chalcogenides (Chevrel Phases) 

The ternary molybdenum chalcogenides ^.MoeChs (^ = Metal, 0 0-4 0; 
Ch = S, Se, Te) represent a family of isostructural METS compounds with remark¬ 
able chemical and physical properties. Many of them are high Tc « 15 K) and 
high critical magnetic field {Hez 600 kOe) superconductors Originally discovered 

in 1971, they have been extensively investigated in recent years. The structure and 

chemistry of these phases are well understood to a certain extent but a complete 
understanding of the physical properties including superconductivity, exciting new 
possibilities and phase equilibrium relationships need a lot more future research 
Excellent reviews are available m the literature and hence only a brief account will 
be presented here.^’®*^’^®’^^-^’ 


Structure and Stoichiometry—ThQ compounds, ^^MoeChs, possess a hexagonal- 
rhombohedral crystal structure {a ^ 6 5k, a ^ 90<’j The structure essentially 
consists of a rhombohedral stacking of MoeChs units in such a way that the A 
atoms owupy the empty channels Each MoeChg unit consists of an octahedral 
cluster of Mo-atoms enclosed xn a slightly deformed cube of Ch-atoms (Fig 2) 
The intracluster and intercluster Mo-Mo distances are small (mtra, 2 ik, same as 
that in Mo-metal, inter, 3 2A) with the result that strong metal-metal bonding exists 
within the cluster and sufficiently strong interactions exist between intercluster 
o-Mo atoms The ^4-atoms are mostly the electropositive elements of the 
Periodic Table. The stoichiometry x m A,Mo.Chs and the site occupancy depends 
on the ionic radius of the A metal. Small ionic radii elements (e g , Cu, Ni, Co etc ) 
occup the so called off-channel positions (with essentially tetrahedral coordination 
of Ch-atoms) and x can vary fi om 0 0 to 4 0 On the other hand, large ionic radii 
eements (eg, Pb, Sn, La, Eu, Yb) occupy the central channel positions (Fig 2 
essenhally 8-fold coordination) and x is fixed and close to 1 0 The ,4-atoms effect 

n band) Chevrel phases are amenable to a wide variety of chemical 

subs.,tut.on at tbe... Mo and Ch s.te. In add,t,on to Mo^Ch: t “ 

mRh)’maT7y (Mo.Rn,)Se., Se., (M = 

), 6 6 a(r - Cl, Br, I), CUa-MoeSela and LiaMo.SgBra have been 
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°Rh 

CO 


TTo 2 Structure of the Chevrel phases, AMoeChg (a) Idealized PbMOeSg (b) MogSg units showing 

the distortion with respect to 3 axis and Mo-S bonding (c) Projection along the (1120) 
plane showing the channels occupied by the Pb-atoms 


.isolated and studied 4s»i6>48.6i-67 interestingly enough, and true to the nature of the 
channel structure, the yl-atoms, when small (e.g., Cu, Co, Ni), can be leached out 
by a simple mineral acid treatment or electrochemical oxidation to give rise to the 
binary MoeChg compounds Of course, the reverse process of insertion of foreign 
metal atoms into the channels of MogChs to give ternaries is also possible and has 
been studied.^®’'*®’*®’®®’®® 

Superconductivity and Related Properties —The binary MoeChs and many 
ternaries, JaMoeChs exhibit metallic behaviour, but with fairly high resistivity 
10^ ohm cm). For A = alkali metal, post transition metal or rare earths, the 
ternaries exhibit superconductivity Tc values between 8-15 K are encountered for 
A = Pb, Sn, Cu, Ag, La and Yb Binary MogSeg has a Tc of 6 3 K whereas MoeS* 
IS superconducting at 1 K and MogTes does not become superconducting upto the 
lowest temperatures MoeSeJfs {X — Br and I) exhibit a Te of 13-14 K, Magnetic 
susceptibility, heat capacity data and theoretical band structure calculations shove 
that there exists a large density of states at the Fermi level in ^jgMoeChs and the 
metallic and superconducting behaviour are exclusively due to the Mo-4d elec> 
trons 48»6 o>7o -phe number of electrons per Moe-cluster (NEC) is an importan 
parameter in determining the properties because it determines the occupancy of thi 
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4<i-conduction bands For MoeSs, NEC is 20 ((6 x 6)—(2 x 8)) and it becomes 
21, 22 or 23 depending on the valency of ^-metal in ^MoeSs (Ag, 20 -f- 1, Pb, 
20 + 2, La, 20 + 3 etc) but the 4J-conduct]on band is still partially filled in these 
cases. Metallic and superconducting behaviour can thus be explained Band 
structure calculation and also simple chemical bonding arguments predict that the 
4d-sub-band will be completely filled for an NEC of 24 (assuming Mo-Mo mtera- 
cluster bonding, 12 edges in the Moe-octa cluster require 12 x 2 24 electrons to 

form electron-pair bonds) and the material should exhibit semiconductor behaviour 
(because the upper lying Mo-4d sub-band is separated by an energy of 10-15 eV) 
Indeed, the compounds MoaReaSs, MoaRe4Se8, Mo4Ru2Se8 and Cui+MogSs which 
possess an NEC of 24 are found to exhibit a semiconductor behaviour 

No universal correlation between Te and known structural, chemical or physical 
parameters seems to exist in the Chevrel phases examined so far. A somewhat 
rough correlation may exist between To and hexagonal lattice parameter ratio (c/a) 
in a related series of compounds but efforts to raise Te beyond 15 K have not been 
successful A detailed explanation for the existence of very large critical fields in 
Chevrel phases has been provided recently by Decroux and Fischer The ternary 
molybdenum chalcogenides exhibit the interesting phenomena of coexistence of 
superconductivity and magnetic order and also reentrant behaviour This is discus¬ 
sed in Section devoted to Reentrant Superconductors 

Condensed Molybdenum Cluster Phases —Ternary molybdenum compounds 
containing (MogCAu), (MoiaCAi4) or (Mo 6 / 2 C/! 6 /a) {Ch — S, Se, Te) units resulting 
from a linear condensation of the octahedral Moe clusters have been recently syn¬ 
thesized and studied Representive compounds are Ag^MogSen (x 4),’2 ^^Mog 
Sn (/I = K, Tl), KaMoisSig, AgMotsSig (A = K, Ba, Tl) lUaMoisSeig (x — 
2 9-3 4),i»’®4 AM03S3 (A = K, Rb, Cs)’^ a^d AM03C/73 (A = In, Tl,Ch = Se, Te) 
The compounds crystallize with a hexagonal symmetry The a lattice parameter 
is 9A but the c-parameter vanes with the MOa,CAi, content and decreases to a low 
value ('^ 4 SA) for x : y = 3 3 The structure of the ^aMoisScig phases is charac¬ 
terized by the presence of MogSes and MogSeu units, the latter resulting from a 
fusion of two Moe octahedra along a common face, but all the Mo atoms have the 
same chalcogen environment as existing in the Chevrel phases The intracluster 
distance is small (r~ 2 7A as in Chevrel phases) but inteicluster distance is large 
3 4-3 5A) The indium and other A-atoms are situated in a 3D network of 
channels similar to the AxMoeChs compounds All the phases examined so far are 
metallic and superconducting but Tc values are low « 4 3 K) indicating that such 
structures are not conducive to high Tc. 

Ternary Borides with the Stoichiometry AMiBi 

The four structure types exhibited by the AMiBi compounds (viz , primitive 
tetragonal CeCo 4 B 4 and NdCo4J54'types, bet LuRu 4 R 4 -type and orthorhombic LuRhi 
R 4 -type) can be described by an arrangement of transition metal tetrahedra, isolated 
A atoms (including the rare eaiths) and pairs of boron atoms The CeCoiBi, 
LURU 4 R 4 and LuRh 4 jB 4 structure-types are inter-related and all of them contain 
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more or less isolated Mi tetrahedral clusters while in the NdCo 4 S 4 -type, the Mi- 
clusters are fused together by sharing edges such that infinite chains are formed 
along the crystallographic a-direction 

In the v4Rh454 compounds with the CeCo454-structure, the ^-atoms and Rh^- 
clusters (slightly elongated with two short and four long Rh-Rh distances along the 
tetragonal a and c-axes respectively) occupy the positions of a slightly distorted NaCI 
lattice (Fig 3) Two orientations of Rhi tetrahedra occur and the Rh network can 
be viewed as forming sheets in the a-b plane (quasi two-dimensional extended clus¬ 
ters) with an alternate arrangement (stacking) of tetrahedra of different orientations 
along the c-axis. The intracluster Rh-Rh distances (2 6-2 SA) are approximately 
the same as in rhodium metal (2 69A) but intercluster distances are large (3.1 A). 
The B-B distances are small (1.80-1.83A) indicating pair formation whereas the 
the A-A distances are large (~ 5A) showing negligible interaction between 
them. However, significant bonding (charge transfer) exists between Rh and B 
atoms 

The bet (LuRu4i54-type) and orthorhombic (LuRh454-type) phases differ from 
the CeCo 4 .ff 4 -type in the relative disposition of the isolated Mi clusters in the lattice; 
whereas the Mi tetrahedra of the same orientation are joined into sheets perpendi¬ 
cular to the c-axis in the CeCo 454 -type, the Mi tetrahedra of different orientations 
are distributed equally in each plane in an ordered fashion m the LuRu 454 and 
LuRh454-type (Fig 3) Thus, the bet and orthorhombic structures can be 

viewed as containing two interpenetrating three-dimensional networks or extended 



Fig 3 The structure of LuRh^Sj {c) compared with those of the other known AMiBt poly- 
types 
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dusters of Mi tetrahedra These extended clusters are qualitatively diiferent from 
those m CeCo 4 j 54 -type AMiBi compounds, since m the latter phases they are quasi 
two-dimensional and do not interpenetrate. However, the unit cell dimensions 
of the three structures hear simple relationships to each other: ^y2 a ^ c 
(CeCoiSi-type) ss n (c/l) (LuRu454-type) s; n (6/3) ^ c (LuRh454-typej. 

The NbCo 4 S 4 -type structure differs from the CeCo454-type in two ways, viz , 
the Mi clusters are not isolated from each other but are fused together by sharing 
edges such that infinite chains are formed along the c-axis Also the A —A distances 
are small 3 8A ss c-lattice parameter) so that they can be considered to form 
infinite linear chains along the tetragonal axis (Fig 3) On the other hand, the A 
atoms in the CeCo 4 R 4 -structure are well separated from each other and form nearly 
fee array in the primitive tetragonal structure The differences between the CeCo 4 if 4 
and NdC 0454 -structure types from a topological view point is also brought out by 
the fact that the eja ratio is 1 4 in the former while it is much smaller (-^ 0 53) 
in the latter These structural differences play a crucial role in the Tc behaviour of 
the compounds 

The formation and stability of the AMiBi compounds with different types of 
structure are dependent on the relative ionic sizes of the A and M atoms, valence elec¬ 
tron concentration and electronic factors. Thus, the proper phase with the CeCoiBi- 
type structure is formed only for the following combinations of elements : M = Co, 
A{Ln) = Ce, Gd Tm, Lu, Af = Rh, ^ = Nd, Sm, Gd ^ Tm, Lu, Y and Th, 
M = Ir, Ln = Ho, Er and Tm The 6c/-LuRu4.54-structure easily forms for M = 
Ru and A = Sc, Y, Th, U and Ln with the only exception when Ln = La. For 
M = Os, only UOS 4 R 4 has been isolated We note that the proper phase with the 
LuRu 45 i-structure does not form for M = Co and Rh However, the structure 
with M = Rh can ba stabilized at the nominal AMiBi stoichiometry by substitution 
with a few atom per cent of Ru Orthorhombic LuRh 4 jl? 4 -type compounds are 
known only for M — Rh and Ln = Ho Lu The NdCo 454 -type structure is 
adopted for the following combinations M ~ Co, Ln = La, Nd, Sm, Eu, M 
Ru, Ln = La, M = OsLn = La ^ Eu, Th, M = Ir, Ln = La Dy, Y and Th 
Pseudo-ternary isostructural solid solutions easily form for isoelectronic M elements 
(M = Ru and Os or Rh and Ir) but, interestingly enough, solid solutions are also 
found to form for the combinations Os^-Jr* and Rhi_a,Ru« with a given A element 

Superconducting Properties The LnRh 4£4 compounds with the CeCo 4 jff 4 -type 
structure have been studied extensively with respect to superconductivity and related 
physical properties. The phases containing non-magnetic rare earths Lu and Y 
exhibit high Te values (Table III) For Ln = Nd, Sm, Er and Tm which can 
support a magnetic moment due to the 4f-electrons, superconductivity is retained 
but with a lower Te (2 7-9 8 K) However, for Ln = Gd, Tb, Dy and Ho, super¬ 
conductivity is destroyed and the compounds order ferromagnetically with Curie 
temperatures ranging from 5-12 K The pure compound ErRh454 exhibits a reen¬ 
trant (metallic) behaviour ® 

Solid solutions of the type (Lnx^e>Ln'^hiBi and Ln(Rhx^aMe,)Bi {M = Ir and 
Ru) have been examined in detail in the literature and provided a wealth of 
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Table HI 


Tc data on some representative AMiB^ compounds’^ 


CeCotBi- 

■type 

6 c/-LuRu 4 B 4 -type*> 

Orthorh. LuRu 4 B 4 -type 

Pha^e 

T„K 

Phase Te, K 

Phase 

Tc,K 

UaK)x,B, 

117 

Lu(Rho ggRug 45 ) 4.84 9 0 

LuRh 4 B 4 

6.2 

YRhA 

11.3 

Y(Rho.45Ruo 45)484 9 4 

-- 

— 

ErRh^B* 

00 

Er(Rho ssRuo 45)434 7 9 

ErRh 4 B 4 

43 

TmRhiB* 

9.8 

Tin(Rho 85RUo.4s)4B4 8.3 

TmRh4B4 

54 


“Taken from Johnston and Braun ** Phases with the NdCo 4 Si-type structure do not exhibit 
superconductivity above 1 K 

^LuRht^i and YRUiB^ have a T* of 2 0 and 1 4 K respectively 


information on the interplay between superconductivity and magnetism in these 
materials 

The interesting and unusual properties of the Ln RhuBi compounds with the 
CeCoi^i-type structuie can be explained on the basis of the crystal structure — 

(x) The isolated Rh 4 tetrahedral clusters with strong intra and significant 
intercluster interactions lead to the formation of partially filled conduction bands 
with a large density of states at the Fermi level (Ef) Hence, the Rh 4x/-electrons 
are exclusively responsible for superconductivity and participate in the Cooper pair 
formation This has been confirmed by the magnetic susceptibility (X) and other 
studies'^® and band structure calculations.®" The Ln-ions have only small but non¬ 
trivial effect on Tc 

(ii) The rare earth ions exist in 3+ oxidation state in the lattice and effect a 
charge transfer (donation of 3 electrons) to the Rh dii-conduction band This has 
been confirmed by X — Mossbauer®^ and neutron diffraction Because the 
l,n-Ln separation is large, there is negligible interaction between them and any 
magnetic ordering due to Ln-ions (which support a magnetic moment) occurs only 
at low temperatures (< 12 K) 

(ill) The boron atoms which exist as pairs play the role of anion and stabilize 
the structure 

The AMiBi phase with the bet LURU 4 B 4 - or orthorhombic LuRh 4 B 4 -type struc¬ 
ture exhibit a lower Tc compared to those possessing the C&Co 4 Bi-typG structure 
(Table III) This is due to the differences in the mode of arrangement of the 
{MiBi) tetrahedra of different orientations in the a-b plane as well as the stacking 
of them along the c-axis This can give rise to changes in the density of states at 
the Fermi level and/or electron-phorton interaction leading to a lower Tc in the bet 
and orthorhombic types However, since isolated clusters exist m all the three 
structure types, the phases exhibit superconductivity. On the other hand, the 
NdCo 4 Si-type structure is unfavourable to the occurence of superconductivity since it 
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does not contain isolated {MiB^ clusters and also, perhaps, because of the small 
A-A separation 

Ternary Phosphides with MM'X Stoichiometry 

The fact that a particular structure for a ternary system can favour the high Te 
superconductivity is nicely demonstrated by the recent work of Barz et al Muller 
et and Meisner et al on the equiatomic (1 1 1) ternary transition metal 

phosphides and arsenides of the general formula, MM'X {M = Ti, Zr, Hf, Nb, Ta; 
M' = Ru, Rh, Os, = P, As) The compound ZrRuP can crystallize either in a 
hexagonal ZrRuSi (ordered FejP or ZrNiAl)^® type or m the orthorhombic TiNiSi 
(ordered CoiP or anti PbCla)®® type Hexagonal ZrRuP and ZrRuAs show a Tc of 
13.0 and 11 7 K (onset temperatures are 13 5 and 11.9 K respectively whereas the 
orthorhombic ZrRuP exhibits a low Tc of 3 46 K (onset at 3 82 K) Detailed studies 
are yet to be made on many of the above phases but the available data reveal that 
the orthorhombic structure is adopted by the compounds with M — Nb, Ta and the 
hexagonal arsenide phases are metastable at low temperatures. 

An important structural feature of the hexagonal ZrRuP over that of the ortho¬ 
rhombic polymorph is the layered structure of the Zr and Ru atoms (each layei, 
parallel to the x-y plane and separated by a distance of c/2, is occupied by either 
Zr and P atoms or Ru and P atoms only) and the existence of Rus-triangular clusters 
(short Ru-Ru distances, 2 63A) In contrast, the orthorhombic structure has 
layers which are filled with Zr and Ru atoms and these layers are all equivalent, 
also, there do not exist the Rua-clusters Recent heat capacity data®^ on the 
superconducting hexagonal phosphides show that the density of states at the Fermi 
level IS not particularly large (0 76 ± 0 15 states/(eV-atom)) for ZrRuP with a Te 
of 13 0 K (compare, 1 08 for Ru metal with a Tc of 0 5 K) and hence the high Te 
must be due to increased electron-phonon interaction in the ternary system 

Interesting Physical Properties Exhibited by METS Superconductors 

Coexistence of Superconductivity and Magnetic Order 

Magnetism and superconductivity are usually considered to be two mutually 
incompatible phenomena because of the following observations (i) None of the 
magnetic elements or their alloys are superconducting, (it) application of suffi¬ 
ciently strong magnetic field (> Ifcs) always destroys the superconducting state in a 
metal and (iii) introduction of even a small concentration of magnetic impurity 
is very detrimental to superconductivity and can destroy it The latter pheno¬ 
menon IS understood in terms of the well-known magnetic moment-conduction 
electron exchange interaction P Thus, in principle coexistence of both phenomena 
in a solid can be observed if F is small and the magnetic atoms are uniformly distri¬ 
buted in the crystal lattice, F can be small if the concentration of atoms is small 
and also, when they are situated relatively far away from the superconducting 
electrons. Further, if the coupling of the magnetic dipoles is antiferromagnetic in 
nature, then there will be no macroscopic magnetic field to compete with super- 
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conductivity and the realization of an antiferromagnetic superconductor is more 
likely than a ferromagnetic one where the associated dipolar field is energetically 
unfavourable for superconductivity. 

The discovery of superconductivity in the rare earth containing METS (e.g., 
LnMoeCha and LnRh 4 jBj,) has brought a completely new situation in the field of 
solid state science. It is the first time a compound with a magnetic ion present in 
a regular lattice position, has been found to exhibit superconductivity. All the 
earlier systems studied were with magnetic ions as doped impurities The imme¬ 
diate interest was to find whether magnetic ordering sets in in these compound^ and 
if so what happens to the superconducting state. Extensive studies have been 
carried out on these aspects by way of X, p, Cj., thermal conductivity, thermal 
expansion, Mossbauer ejffect and neutron diffraction and it is now established that 
LraMoeSs with Ln = Nd, Gd, Tb, Dy, Er and Yb and LnMoeSes with Ln == Gd, 
Tb and Er and LriKhiBi with Ln = Nd, Sm and Tm exhibit antiferromagnetic 
order below the respective Te without destroying the superconductivity in zero 
applied magnetic fields.®’®*’-* It is interesting to note that many of the anti¬ 
ferromagnetic superconductors become normal (reentrant behaviour) at Ijv and 
develop some sort of ferromagnetic order by the application of a magnetic field 
(//■ ^ Hcz, the critical field) 

The experimentally determined low temperature states (magnetic, superconduct¬ 
ing) of 15 distinct ternary phases containing a sublattice of L«-atoms are summaris¬ 
ed in Table IV The anti ferromagnetism exhibited by the ternary systems is 
exclusively due to the rare-earth ions but the exact type of ordering has been 
unequivocally established only in few cases Neutron diffraction measurements®® 
on DyMoeSs revealed that the magnetic structure is characterized by alternating 
ferromagnetic (100) planes in the nearly cubic Zn-sublattice in which the magnetic 
moments are parallel or antiparallel to the rhombohedral (111) axis 

The anomalous depression of Ha in the vicinity of Ttr and other properties of 
antiferromagnetic superconductors have been recently studied ®® Several mechanisms 
by means of which superconductivity is modified by antiferromagnetic order have 
been considered 

Reentrant Supercondiicto/s 

If the rare-earth spins in the compounds are to order ferromagnetically, the 
macroscopic dipolar field so created will become strongly competitive with super¬ 
conductivity and destroy the latter once the critical magnetic field value for the 
destruction of the superconducting state is reached 

Many METS superconductors have been observed to exhibit reentrant super¬ 
conductive behavior due to the onset of long range ferromagnetic order 
(Table IV) S’S-’Si^s? compounds become superconducting at an upper critical 

temperature Tci and then lose their superconductivity at a second lower critical 
temperature Tc 2 which is close to the magnetic ordering temperature Tm The 
superconductmg-to-normal transition at Te 2 m ErRh4jB4 is thermal hysteretic®® and 
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Table IV 

Superconductivity and magnetic order in METS-rare earth (in) phases (aftei Shelton (1983) 

with modifications') 


PHASE 

Sc 


La 

Ce 

Pr 

Nd 

Sm 


Q 








Ln Rh4 B4 

- 

s 

- 



s 7 a'’ 

SM 

- 

B 

B 

a 




B 

s 

Ln RU4B4 

s 

s 

B 


N 

M 

N 

N 

M 

M 

M 

M 

M 


B 

s 

Ln RU3B2 


N 

fl 


M 

M 

M 

- 




B 

B 


B 

N 


■ 

s 

B 

B 

B 


M 

_ 

B 


M 

M 

M 


B 

N 

s 

Ln Ru B2 

— 

s 

B 

B 

B 

IB 

B 

B 

B 






- 

s 

Ln2Fe3Si5 

s 

s 

B 

B 

B 

B 

B 

B 

B 

B 


A 

A 

S/M 

A 

5 

Ln Ru3Si2 

B 

s 

S 

N 

N 

M 

Q 

M 

B 

M 


M 

M 

M 

N 

S 


B 

s 

- 


- 


B 

- 

a 

- 

M 

M 

M 

M 

- 

s 

Ln 30 s 4 G«i 3 

- 


B 


M 

M 

N 

M 

M 







5 

Ln3 Rh4Sn^3(I) 

- 

B 

B 

N 

N 

N 

N 

M 

M 

- 

■ 

B 

-- 

B 


- 

Ln3Rh4Snj3GI JH) 

s 

s 

- 

- 

- 

- 

- 

- 

B 





B 

B 

S 

Ln30s4Sni3(ni) 


- 

- 


- 

- 

- 

- 

M 

s 

M 

S 

S/F 

S/F 

-- 

- 


- 


5 

A 

M 

M 

N 

F 

- 

- 

- 


- 

- 

- 

- 


s 

s 

B 

B 




B 









Ln Mo5Se5 



B 

B! 




B 





S&ii 





S supercond, A orrtlfcrro, M, mognetic, F. ferro, N, neither S nor M 


there is a spikeshaped feature in the heat capacity at Tea indicating a first order 
transition For HoMoaSs, Tex Te^ are 1 82 and 0 6 K respectively The spin 
structure of HoMoaSa is similar to DyMoaSs with Ho®+ moments (9 06 compared 
to the free ion value of 10 0 1 ^ 3 ) aligned parallel along the rhombohedral (I II) 
direction. Careful neutron scattering studies on HoMoaSs have shown that an 
oscillatory magnetic state (with characteristic wavelength 230 i 50A) coexists with 
the superconducting state in a very narrow temperature interval around Tm 
C oexistence of ferromagnetism and superconductivity has been demonstrated lecently 
in bcMype ErRh^Ss rDo a (□, vacancy) 

Heavy Fermion Supei conductors 

One of the interesting recent developments is the observation of superconducti¬ 
vity m a cerium containing METS compound, CeCuaSij The Ce 4f election in 
this material is responsible for superconductivity and it is proposed that the 
compound is a ‘Kondo-lattice’ heavy Fermion system where the charge carriers 
exhibit large effective masses (-~ I00-200/w«) The heavy Fermion superconductors 
are characterized by relatively low values of r, (CeCu 2 Si 2 , Tc = 0 5 K, UBcjs To == 
0 9 K, UPta. To = 0 5 K), large values of electronic specific heat coefficient y — 
(1000 mJ/mole-K®), large discontinuity in the specific heat at Tr, and large value 
of Hci and its initial slope, indicating the high thermodynamic stability of this state 
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It has been suggested that CeCu 2 Si 2 and related f-electron systems (UBcia and 
UPts)®®"®^ may represent examples exhibiting triplet paired or p-wave superconducti¬ 
vity®®'®® while the singlet (spin) paired state (BCS mechanism) is still favoured by 
some workers must be said that no conclusive proof for the jo-wave super¬ 

conductivity is as yet forthcoming 

Summary and Conclusions 

As a result of intense research activity during the past decade, more than 10 classes 
of METS superconductors, many with Tc > 10 K, have been discovered. Efforts 
have been mainly concentrated on Ln-contaming systems to study and understand the 
interplay between magnetism and superconductivity. In this process, new pheno 
mena like heavy Fermion superconductivity (CeCu 2 Si 2 ) and exotic materials 
(ErRli^jBi and ErRh4B3 sQo 2 which exhibit reentrant behaviour and coexistence 
of itinerant ferromagnetism and superconductivity respectively) have been disco¬ 
vered Experiment has always been ahead of theory m the area of METS super¬ 
conductors 

Since T, is a subtle property dependent on various factors like band structure, 
phonon density of states, electron-phonon interaction etc , it may not lend itself to 
a simple correlation with atomic or any structure-dependent property in METS 
superconductors, because the latter are not simple systems Thus, Matthias rules, 
so very successful for binary superconductors, have not been useful for ternaries 
However, the essential featuies of the known high Tc METS superconductors viz , 
the existence of isolated metal and/or non-metal atom clusters. 3D-network structure 
combined with cubic or pseudo-cubic symmetry are sufficient guidelines in the search 
for new high Tc compounds Structural instabilities and metastable nature of the 
phases, common in binaries, also appear to be a feature of the METS superconduc¬ 
tors Only a few of the large number of known METS have been examined in 
detail till to-date Thus, a detailed and systematic study of even the simplest METS 
of the type MM'X (X = non-metal) is a worthwhile undertaking in the elucidation 
of structure-superconductivity relationships 
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MATERIALS FOR SAUR VIDDYUTKOSH (SOLAR 
CHARGEABLE BATTERY) 
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The principle of solar chargeable battery (jSaur Viddyut Kosh) is discussed 
The area of research required for development is briefly touched upon. A 
detailed survey of materials used for developing a photoelectrode is given 
Mam emphasis is given on new phosphide, chalcogenide and oxide semi¬ 
conductors. A survey on solar chargeable battery is also made. 

Key Words , Saur Viddyut Koih, Solar Chargeable Battery; Photoelectrode; 

Phosphide, Chalcogenide and Oxide Semiconductors 

iNTRODUCriON 

The development of any civilization depends upon the available energy resources 
and m particular, the present civihzation is largely dependent upon its fossil fuels 
like coal, oil, gas, natural uranium and thorium (for India) Scientists have been 
working round the clock to utilise these fossil materials judiciously to extend the 
availability of the fossil fuels to the human civilization for the longest possible 
period Extinction of such fossil souices is not too far away The Arab world’s 
threat to shut oil wells in 1972, made us realize what would happen if oil wells were 
emptied. To overcome the energy problem, new forms of energy are being visualised 
specially those which are renewable i e , energy produced at a rate equivalent 
to the rate of consumption 

Scientists of Ancient India knew how to use solar energy^ and the product 
derived out of solar energy to meet their energy demand. Scientists of today 
have realised that the existence of Man on this planet depends mainly upon his 
ingenuity to convert solar energy into a useful form of energy. Honda and 
Fujishima- proved electrolysis of water by solar energy by extending the concept of 
photovoltaic solar cell to a wet type solar cell (known as photoelectrochemical cell) 
This cell convcits solar energy into electricity or into a chemical form, from which 
energy could be extracted easily when and where required 

A photoelectrochemical solar celP’** is a special kind of galvanic cell where 
anode or cathode or both are made of semiconductors When the semiconductor 
electrode, dipped into a suitable redox electrolyte, is illuminated with light source 
of photon energy greater than the band gap of the semiconductor (due to reasons 
discussed below), photon’s energy is converted into electrical energy 
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It is necessary to understand the role of semiconductor-electrolyte system to 
produce electrical energy from photon A semiconductor has a conduction band 
which is normally empty of electron ana a valence band normally filled with elect¬ 
rons. The maximum energy required to transfer an electron from the highest energy 
level of valence band (top level) to the bottom level of conduction band is known 
as the band gap of the semiconductor The highest valence band’s electrons of an 
extrinsic type semiconductor (n-type), however, require very little energy to push 
them into the conduction band because the Fermi level is about 0 1-0 2eV below 
the conduction band. Because of this factor, extrinsic semiconductor becomes a 
conductor at room temperature The electrons pushed into the conduction band 
have the tendency to fall back to the valence band unless there is some force to 
prevent such process This opposing force is generated by the help of redox elect¬ 
rolyte in contact with the semiconductor In order to explain the role of redox 
electrolyte, it is important to realize that like semiconductor, electrolytes (e.g., Fe'^+Z 
Fe®+, Ce®+/Ce'*''’, etc. also have oxidation levels (equivalent to conduction band) 
and reduction levels (equivalent to valence band) 

The energy necessary to transfer an electron from the reduced species (reduction 
level) to the oxidised species (oxidation level) is analogous to the band gap of a 
semiconductor, while redox potential is the potential required to transfer an elect¬ 
ron from redox species to the reference level (which is hydrogen scale, NHE), in 
electrochemistry or zero vacuum level in semiconductor physics or vice-versa The 
two reference levels are related as given in eq 1 — 

J^vac level = (Enhe— 4 5 cV) (1) 

The electron transfer reaction with redox electrolyte is complicated, because 
the hydration energy for reduced and oxidised species may not be the same The 
difference in energy states of the reduced and oxidised levels can be written as, 

-^ox‘^^red=-E're(l~Aox= “■^^’redox. (2) 

where ^^ed is ionization energy for the reduced species (i e. reduction level) Eo-a is 
the electron affinity of the oxidised species (i e oxidation level) Aox and Ared are the 
polarization or reorientation energy of oxidised and reduced species respectively 
The £'ox and £red are not discrete, but are broadened into a thermal distribution of 
states due to (i) thermal fluctuations (i/) interaction with solvent and (in) interac¬ 
tion with directly bonded ligands These distributions are shown in Fig 1, and their 
distribution is based on Frank-condon principle 

When a semiconductor comes in contact with a redox electrolyte, the nature of 
charge transfer at the interface of semiconductor redox electrolyte would depend 
upon the nature of level of redox electrolyte overlapping with nature of level of 
semiconductor For example, valence band can be acceptor of holes or donor of 
electrons It will thus donate electrons to electrolyte, if level overlap with Ev 
(Fig 2d) Similarly, the conduction band can accept electrons if jE’red level overlaps 
with Ec (Fig 2c) No effective charge transfer can thus occur if there is no such 
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VACUUM(V ) 



overlaps of two sets of energy levels. Likewise semiconductor can donate its elect¬ 
ron to the electrolyte when Er overlaps with Eox level (Fig 2a) and Et can accept 
electrons if E, ovelaps with En^a level (Fig. 2b) 

When a p-type semiconductoi like a = FegOj doped with nickel (Fig 3fl) is 
brought under a contact with electrolyte (Fig 3b), whose Ena nearly overlaps with 
the valence band, transfer of electrons from the redox electrolyte would occur to¬ 
wards the valence band This causes the valence band to be populated with energe¬ 
tic electrons (migrated from redox electrolyte) resulting in upward bending of bands 
as shown in Fig. 3c The charge transfer reaction makes the surface of the semicon¬ 
ductor positively charged (i.e. populated with holes) and inner side of the semicon¬ 
ductor negatively charged (i e. populated with electrons). Normally, the charge 
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(a) Oxidation level overlapping with E(^ 

(b) Reduction level overlapping with Eff 

(c) Reduction level overlapping with Ec 
(tf) Oxidation level overlapping with Efr 


DEPLETION REGION 


-4 70eV 



-«70eV 



Fig 3 Energy positions of a-FejOj with a redox electrolyte of ^Frsdox — 1-44V, NHE (Ce-**, Ce+*) 


distribution due to this electron transfer within the semiconductor does not occur in 
one plane (i e. in plane parallel to the surface), however, for the purpose of under¬ 
standing and mathematical calculations it is assumed that the electrons which have 
migrated from the electrolyte to the semiconductor are situated m one plane at a 
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distance of about 3000A from the surface (Fig 3c Lu>) The region between this 
plane and the surface of the semiconductor is known as space charge region. In 
order to complete the story of charge transfer process, there is also a diffusion re¬ 
gion (Fig 3b, Ld) where the concentration of electrons is lower than the space 
charge region, but greater than the equilibrium concentration of electrons in the 
semiconductor and a bulk region where the concentration of electrons remains 
nearly equilibrium The depletion type junction is at the interface (Fig. 3c). The 
difference in the valence band of semiconductor and the E’red of electrolyte approxi¬ 
mately equals the contact potential (^o). More precisely, one uses the term Fermi 
level of the semiconductor rather than Ec and Ev and the Fermi level gives an idea 
of maximum energy the carrier in the semiconductor has achieved either because of 
doping and/or due to the thermal excitation For p-type, the Fermi level is near Ev 
and for «-type semiconductor it is near E^. The difference m Ec (or Ev) with the 
Fermi level, Ef, depends largely on the amount of doping. Normally, it is about 
0 1-0 2eV different from Ec (or Ev) as the case may be For extrinsic semiconductor, 
thus Fermi level gives an idea of maj’onty carriers, which is electron for n-type and 
hole for p-type. Similarly, instead of using Eox or Er^a, for redox electrolyte, one 
uses Ep redox which is given by eq 2. Thus the difference of Ef (semiconductor) and 
Ef jedox IS equal to the contact potential. However, sometime this contact potential 
is different to the experimentally determined value due to the pinning of Fermi 
level 

If the junction near the p-type semiconductor-electrolyte interface is radiated 
from the electrolyte’s surface with photon of energy greater than the band gap of 
the semiconductor, electrons from the valence band would be excited to conduction 
band The electron (minority carrier) of the conduction band will find itself at the 
surface of the semiconductor due to direction of the field present in the space 
charge region (Fig. 4) The photogenerated hole (majority carrier) would migrate 
towards the bulk The electrolytes present near the surface, can accept the photo¬ 
generated electrons provided the Eox level of the electrolyte is-below the conduction 
band of the semiconductor (Fig 4) This electron would reduce the electrolyte pre¬ 
sent in contact with the ssmiconductor The hole will move from the bulk via the 
external circuit to the counter electrode dipped in the same electrolyte where the 
hole can oxidise the electrolyte One can get power from this system if, in the exter¬ 
nal circuit, a resistance is connected in series This type of cell is known as photo- 
electrocheraical cell Alternatively, if two electrodes of the cell separated by a suit¬ 
able membrane^^ containing two different types of redox electrolytes present in 
two compartment (Fig 4), and the semiconductor is radiated with the photon of 
energy greater than the band gap, the photogenerated minority earner would reduce 
the electrolyte at p-type semiconductor provided Eoxi is below Ec and oxidation of 
other redox electrolyte would occur at the counter electrode, provided Ereoii is 
above Ef of counter electrode In the absence of any resistance in the external cir¬ 
cuit, the photon energy is converted to chemical energy equivalent to the difference 
in the redox potentials of two redox‘electrolytes (i e., i^oxi-^reda) The photoreac- 
tions occunng at the two electrodes can be written as follows : 
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p-semiconductor + /zv e~ -f- /;+ (Av > Eg) 


e- -f /z+ 


due to field in the 
space charge region surf 


fi 


4 * 

bulk 


e"*urf 4- Fe‘5+-► (e g. electrolyte present near the Semi¬ 

conductor electrode provided 
£ox < Eg, Fig 4) 


h 


+ 

bullc 


(semicoMductoO-► 


.wcirai, +Ce’*- ►Ce*+(eg electrolytes present 

near the counter electrode 
provided E,e<\ > ^FsemW 
Fig 4) 

net photo reaction is 

h 

Fe^" + Ce3+ ^ Ce'‘+ 4- Fe^-* ( 3 ) 

-ty ^ 


The AV in this case IS the difference in the redox potential of Fe^^/Fe^^ and Ce*+/ 
Ce^*^ which IS 0 62V Thus photon’s energy is converted to generate AV potential in 
the cell 

In the absence of photon and under short circuit condition there would be a 
tendency by the cell, to reverse the reaction by releasing an energy equivalent to 
0 62V (i e. AF) If the external circuit is connected in series with a resistance in dark 
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mode, it will produce power Thus we have produced a battery^^ which can be 
charged by photon energy and discharged in absence of light to get power. How¬ 
ever, due to formation of barrier at the junction of semiconductor-electrolyte inter¬ 
face (Fig. 4), there would be a tendency to oppose the dark reaction due to the 
nature of barrier formed at the surface (depletion region) It is therefore, necessary 
to use a third inert electrode in the compartment No. 1 to allow the flow of electron 
from compartment 1 to compartment 2 to carry out following dark reactions .— 

A. At the inert electrode of compartment 1 

Fe2+-Fe3+ + e 

B. At inert electrode of compartment 2 

Ce*+ -f e-Ce3+ 

Net reaction being— 

Fe2+ i- Ce*+-►Fe3+ 4 - Ce®+ .(4) 

—could again be the reactants for photo-reaction process.® 

The dark reaction (discharging) would occur between these two inert electrodes, 
while charging would be done with semiconductor and the counter electrode (Fig. 5). 
Such a battery is known as the three-electrode system 


CHARGING 



Fig 5 Three electrode storage system, 
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In order to complete the story of storage battery, it is also possible to replace 
the counter electrode of compartment 2 with a semiconductor This semiconductor 
will have to be n-type (because in compartment 1, p-type has been used) and its 
energy level should match as shown in Fig 6 Under this condition one additional 
inert electrode will have to be used in compartment 2, so that dark current could 
be drawn between the two inert electrodes of compartments 1 and 2 Charging of 
the battery could be done by illuminating two semiconductors of two compartments 
simultaneously At p-type electrode photo-reduction of electrolyte will occur and at 
«-type, photo-oxidation of electrolyte will occur The additional semiconductor m 
compartment 2 is not necessary and it only increases the photon energy conversion 
eflBciency 

If such types of batteries are to be charged with solar radiations, the band gap 
of semiconductors should be slightly smaller than the photon energy of solar radia¬ 
tions which has the maximum intensity at AM~l (i e the intensity of solar radiations 
measured at sea level with sun perpendicular to the sea level) Considering the 
theoretical efficiency of semiconductor and spectrum of solar radiation at AM-\, the 
best band gap is found to be between 1 0-1 8eV with an expected theoretical 
efficiency of about 30 per cent Therefore, a battery which is to be charged by 
solar radiation should have semiconductors of band gap in the region of 1 0-1 8eV 
A battery of type given in Fig 5 and operating with solar energy has been named 
by our group as Saur (the Solar) Viddyut (electricity) Kosh (Battery), in honour of 
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Moharshi Bhardwaj who had given a description of a system to generate power 
fiom solar energy 

The economical viability of solar chargeable battery depends upon the follow¬ 
ing factors 

1 The efficiency at which the battery is charged by solar energy depends 
upon the efficiency of converting solar energy into chemical reaction at 
the interface of the semiconductor-electrolyte Thus, the photopotential 
and photocurrent are two important factors responsible for this efficiency 

2 The efficiency of battery depends upon the current density the battery can 
retain, the dark potential, the time for which it can retain its charge, and 
the number of charging/discharging cycles the battery can perform. 

The most important issue facing these developments is the development of 
materials which could efficiently convert solar energy into chemical energy without 
the semiconductor being chemically and photo chemically corroded Therefore, in 
the present review, effort is made to review the materials like oxide, chalcogenide 
and phosphide which have been used to develop photoelectrochemical cell or which 
could be used for such cell However, in order to appreciate the photochemical 
stability it is necessary to learn as to under which condition one could predict the 
semiconductor to be stable photoelectrochemically At the end of this review, a list 
to solar chargeable battery already developed are given in tabular form 

Photo-Corrosion 

The most serious obstacle m the technical use of low band gap semiconductors in 
contact with aqueous electrolytes is their susceptibility to photodecomposition 
When the semiconductor electrolyte interface is exposed to photons, the minority 
carriers (electrons in p-type and hole in n-type) have two possible ways to react 
one with the electrolytes present at the interface or with the host material (i e with 
the semiconductor) If these carriers react with the host material, the semiconduc¬ 
tor IS said to be unstable against photogenerated minonty carriers This can happen 
in two ways • (i) cathodic decomposition by conduction band electrons (i e p-type) 
and ill) anodic decomposition by valence band holes (i e with iz-type) 

The overall energy of corrosion involving holes or electrons are evaluated in 
such a way that they can be illustrated on the band diagram Gerischer^'’' has 
formulated the expressions for a binary system, MX and has considered two 
reactions 

MX -f- (^) Z//j -1- Solv -> Af -f 4- X^^~^ (cathodic reaction) 

i - Kw + (1) 

(anodic reaction) 

This method has been used to calculate the n^dec (cathodic decomposition 
potential) and p^dec (anodic decomposition potential) of many compounds to 
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predict the stability of semiconductor against photocorrosion «-type semiconductor 
would be anodically stable if p^dec is below the valence band-edge of the semi¬ 
conductor. Similarly p-semiconductor would be cathodically stable if n^dec is 
above the conduction band-edge of the semiconductor 

In order to take advantage of these calculations, especially for new materials, 
it is also equally important to theoretically calculate the conduction and valence 
band-edge positions of a semiconductor The electron aflSnity values (i e, bottom of 
the conduction band) for oxides, chalcogenides or phosphide semiconductors can be 
calculated by using Butler and Ginley method Based upon the bandgap and elect¬ 
ron affinity, the valence band position can be calculated This method can be used 
for a compound whose chemical formula or empirical formula is known, because 
both give same result ® 

Materials for Saw Viddyut Kosh (Solar Chargeable Battery) 

We shall now discuss the different classes of materials studied by different schools 
and summary of results obtained with these materials are shown in respective tables 
under various classes of materials. However, no effort is made to make any refer¬ 
ence for materials having bandgap greater than 2 8 eV, for the reasons discussed 
earlier 


Chalcogenides 

The survey of the chalcogenides which have been studied by different scientists are 
given in Table I It appears from this table that chalcogenides of cadmium though 
has a given efficiency of 10 2 per cent, there is a problem of reproducibility of 
results It is thus important to understand why the films prepared by different 
techniques by different authors give photo efficiency ranging from 0 03-10 2 per cent 
There is also a need to find out a system in which it could be stable for at least 1-2 
years 

PtSa, RuSca^^"^'*^ p-GaSe (2eV) and /i,p-InSe (1 3eV) have also been recently 
studied 108-110 Chalcogenides of group III-V are also anisotropic, sandwich layer of 
X-M-M-X being reported to give photoresponse with low dark current in aqueous 
H 2 SO 4 solution 111 But these three materials though have low bandgap (2 leV) they 
show very low efficiency of 4 5 x 10-*. Recently, a large number of papers have 
also appeared to understand the electrochemical properties of Mo and W-chalcoge- 
nides so that one could understand the reasons for getting variation in the efficiency. 
Details of observations made with these materials are shown in Table II. 

From the survey of materials studied and published by scientists, it appears 
that tungsten chalcogenide might be the best material for PEC cell However, this 
material is not stable for a longer period There also appears to have inconsistency 
in the results of different laboratories giving different photo conversion efficiency 
for same chalcogenides under more or less similar conditions Thus, there is a need 
to understand the surface-interface phenomena^®^’’^®® of the materials as discussed in 



Table I 


Ckalcogeniiie mcomkclors 


Material 

Eg 

(eV) 

Electrolyte System 

Flat band 
Potential 
(Fw^CE) 

Effi. 

ciency 

Electrode Quantum Voc 
form efficiency (V) 

Stability 

Counter 

electrode 

Refer¬ 

ence 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

(10) 

(11) 

n-ClS 

24 

NaOH,S,Na^ 

-0I1O-I4 

005 

Smgle 

8-70 

04-10 

Stable in 

C.SnO, 

24,40- 



NaOH,Na5Te 


to 

crystal 



alkaline 

Pt, 

05,47, 



NaOH,Na,(SCH.COO)S 


95 

thin film 



S/S-«so. 


68 



KaKiFt(CN)„K,FP)i 



poly 



lution 





NaU,iiOH,CN 



cryst 






/i-CfiSc 

17 

NaOH,Na2S.S 

-0.9 to-145 

05 

)) 

20-50 

0.4-077 

Stable in 

Pt,C 

24,38, 



NaOH,NajSe 


to 




NaOH, 


40,42, 



NaOH,NaJe 


92 




s,s*- 


45,56- 



NaOH,HaiS,S,Se 








65,67, 



NaOH,Nai(SCH,COO)S,Se 








71-74, 



Fe(CNf'‘-El,NBFY 








5 



mCHjO* 











KOHMSn 











Fe(CN)J-Fe(CN);-,iiH>g 

074 

124 




Stable 





Cesium polysulphides, 


127 









S,CuSo, 









i-CdTe 

14 

NaOH,Na2Se 

-145 to 

92-100 


il-fS 

070 

stable in 

C,Pt 

52,67, 



NaOH,Na2Te 

-1.50 





KjS,S,KOH 


68,71 



K2Se,Se,K0H 









iW, 


NaOH-NajS-S 

- 

35- 

Single 





85,93 





43 

crystal 








polysulphide 


09 

Single 

— 

— 



— 






crystal 






/I'RctSejOj 



- 

- 

Single 

- 

049 

Stabilised 


95 

142 





ciystal 



with 1,-/1- 



n-CdInjSej 


KOH-S-NajS 

- 

- 

Single 


— 



94 






crystal 







{Conlimd) 


^nz?s^ >iOd[ s'T:vi'a:ar 


TABLBl(Cofl/Krf) 


Material 

Eg 

Electrolyte System 

Hatband 

Ei- 

Electrode Quantum Voc 

Stability Counter 

Refe- 


(eV) 


Potential 

(FwSCE) 

ciency 

form efficiency 

(Y) 

electrode 

rence 

(1) 

(2) 

(3) 

(4) 

(5) 

« 0) 

(8) 

(9) (10) 

(11) 

CuIfisSj 


Sulphide, Polysulphide 


- 

— - 

- 

Highly 

stable 

103 

n-WSi 

13 

halide solution 


65 



Stabihsed 
in halide 
solution 

92 



CH,CN/(«-Bu,N)C104 

08 

- 


- 


66 

fi-MoSi 

1] 

Et,N, halide ion in CHjCN 

- 

0024 

„ 1-5) 

003 

Stable in C, Pt 

69-71, 



Nal,l(aq) 




to 

FeHje’t 

75-7? 



Fe^t^ Fe^ 




50 



/i-MoSej 

14 

Ilk 

+ 05- + 41 

002-9 

Single 

009 

Stable in Pt 

78-87, 



Fe=+,Fe‘^ 



crystal 

to 

l2,I-and 

75,24 



(Et4N)I,2in 

CHjCN 




055 

Fe+’,Fe“ 




X = halogen 



Polycry- 






KI,I, 



stalline 






HBr,Br;,pH=0 



film 




n-WSe, 

151 

Fe(CN)’+)‘^ 

-045 

14 

Single 

071 

Stable in Pt 

70,88, 



NaI,Ir,pH-l 

NaI,l3,Na2SOj 

H,SOj,pH=0 



crystal 


Fe(CN).‘-''- 

89 

j)*WSej 

135- 

Fe'+'^+.H^SO, 

■08 

1 

L 


051 


81,90 


15? 








fl-BijSj 


NaOH-NajS-S 


014-4? 

Polycryst- - 

008 to 


53,91 






allinefilm 
(doping na¬ 

018 








ture impro¬ 
ves effici- 









ency) 
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Table II 


Material 


Observauons 

Ref 

n-MoSi 

1 

Charge transfer is favoured with surface |1C more than with 
surface J_C 

96 


2 

Qeavage steps and dislocations enhanced the photocorrosion of 
these material 

97 

MoScj 

1 

Due to the presence of indirect band gap the observed efficiency is 
lower than expected theoretical value 

96 


2 

The pinning of Fermi level is observed to affect the efficiency. 

75 


3 

Highest output power is observed at low temperature (< 15 °C) 

98 


4 

Stable and efficient cells are demonstrated in polyiodide 
electrolyte 

99,100 

WSe 

1 

High efficiency is observed with polyiodide couple 

101 


2 

Co-existence of n and p in the same crystal surface leads to carrier 
recombmation 

102 


3 

Fermi level pinmng observed 

22 


Table II so that the cause of different results obtained by different authors could be 
understood The stability of material has to be increased perhaps by modification of 
surface of the material Therefore, time has come to probe into these factors, rather 
than carrying out experiment to produce materials with another technique without 
increasing the reported efficiency of the material It is disheartening to read papers 
explaining a new technique of preparation with efficiency ten times lower than the 
maximum efficiency already achieved by other authors and not making any effort to 
study the reason of getting lower efficiency. A vahd question also comes to the 
mind, as to what is the justification for omitting the study of PEC properties withl arge 
number of chalcogenides of other elements of periodic table, and concentrating only 
on elements like Hg, Bi, Cd, In, Ga, Mo, and W It is quite possible that there 
might be some other chalcogenides, possessing the requisite properties to make an 
efficient PEC cell Therefore, there is a need to screen all possible chalcogenides 
which could be tried for PEC cell The criteria for such screening should naturally 
be as follows — 

(i) Material should have band gap in the region of 1 0-2 6eV so that solar 
energy could be used for excitation effectively 

(ii) Technique of preparation of material should be simple and material should 
be cheap 

(ill) The materials should be chemically and photochemically stable in aqueous 
solution (either acid or alkaline solution) 

Based on these three factors, we have carried out a survey of chalcogenides of 
all unstudied elements of periodic table and elements which confoims to the above 
three properties listed in Table III Amongst all unstudied elements of periodic 
table It is observed that chalcogenides of As, Sn, Hg and Sb are the only suitable 
materials meeting the above three requirements 



Tabu in 
h dialmniics 


Compound 

Bail gap 
(eV) 

MetW of preparation 

Structure 

(eV) 

Solvent in which 
soluble 

ASjSe, 

16 

By direct combination of elements at high tempturc 

rhombohedral, black 
crystal 

461 

AU 

ASjTe, 

10 

H 

monoclinic 

481 

mm 

BisSt 

13 

By passing H,S through a solution of Bismuth trkde 

rhofflbotic group 
powder 

46 

HNO, 

HgS 

2.0 

By the action of aliali sulphide on mercuric salts 

Hexagonal, brownish 
black crystals 

4.69 

Aquaregia 

SnSe, 

12 

By melting tin and selenium at 650 'C in vacuum 

dark brown crystals 

41 

Strong HKOi 

SnSe 

12 

By melting tin and selenium in exact proportions at 
bright red hot temperature 

rhombic, steel group 

448 

Alkali 

SoS 

103 

By passing H|S to an acidic solution of stannous 
chloride 

rhombic, brown 
crystal 

467 

Cone HCl 


n 

By direct combination of elements with feeble incande¬ 
scence 

rhombic, yeiowish 
red 

478 

InHiSOi 

ZnSe 

m 

By direct reaction of zinc salt with Potassium selenide 

Hexagonal, Pale red 

392 

Acids 

ZnTe 

226 

By direct combination of element at high temperature. 

Cubic, red crystal 

394 

Alkali 


lSC<3>3t’V^K^ '»:"V^yWKSa[M'V"5^ 
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Since most of these materials aie unstudied, it is impoitant to predict then 
stability theoretically and also establish their band diagram Therefore, anodic and 
cathodic photocorrosion potentials and the band diagram of these chalcogenides 
have been calculated* and are shown m Fig 7 

Based on these calculations it is observed that AsaScg (1 6eV), As^TCg (l.OeV), 
BnSg (1.3eV), HgS (2 OeV), SnScg (1 2eV), and Sb.Sg (1 7eV) are cathodically stable, 
1 e their cathodic decomposition potentials are less negative to their conduction 
band-edge value But none of these materials are found to be anodically stable i e 
the anodic decomposition potentials are less negative to the valence band-edge of 
these materials Other materials like zinc chalcogenides being high bandgap and 
BigScg, PbSe, PbS, PbTe, SnTe, SbaTcg and CoSe being low bandgap materials are 
unsuitable for PEC cell but the former materials may find their application in PEC 
cell if their bandgap is reduced by making a mixed chalcogenides ATjr*, Xi-^, where 
Jmay be S or Se and Y may be Te because it has been observed that the bandgap 
of chalcogenides can be controlled by adding the controlled amount of Te or mix¬ 
ing telluride with other metal chalcogenides The bandgap can be changed from 0 
to 2 5eV by mixing of HgTe with CdTe 

The chalcogenides of unstudied element suggest the necessity to study the 
electrochemical and photoeletrochemical properties of AsSfca» AsaTCj, BigSg, HgS, 
SnScs and SbjSa, so that one may be able to decide the worthiness of these materials 
foi PEC or solar chargeable cells 

Phosphide Semiconductors 

The survey ot literature on phosphide semiconductors reveals that except InP, GaP, 
ZugPfl, ZnPa, CuPg, CdPj, no other phosphides have been studied for PEC cell 
(Table IV) A question again comes to mind as to why phosphides of other 
elements of periodic table have not been tried for PEC cells'^ We, therefore, undertook 


Table IV 


Compound 

Eg 

feV) 

Electrode form 

Electrolyte 

Efficiency 

Voc Isc 

(volts) fmAcm-'^) 

Ref 

^i-InP 

1 26 

single crystal 

NaOH 1 Fc(CN)o-'/-* 

186 

Stable 


155 




NaoH-Na^Te 


for 


188 




VCl.-VClj HCI 


10 hrs 



P-InP 


single crystal 


0 4-115 

0.66 

25 

156 

n-GaP 

2 25 

single crystal 

— 

— 

— 


142 

P-GaP 


single crystal 

Na^SO^ pU 2 5 

— 

— 


157- 

P-ZnP* 

1 } 

single crystal 





161 

CdPs 

20 






162 

ZHjPj 

1 32 

aUcalin.eEDTA 


6 1 



163 

P-a-ZnPj 

2 1 

alkaline = 13 

12 0 



162, 



V/i, = 0 7 V 





163, 



(SCE) 





190 
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to carryout a survey of phosphide materials of all unstudied elements of periodic 
table meeting the three requirements described earlier. It is observed that the 
phosphides of alkali and alkaline earth metals are soluble in water giving phosphine 
gasU5>ii6 and thus are not suitable for PEC cells Phosphides of elements of Gr IIIA 
and phosphide of metals like Pt, Pd, Au are also not suitable for an economically 
cheap PEC cell Therefore, the phosphides of unstudied elements which could be 
useful for PEC cell, are of elements of Co, Cr, Fe, Mn, Mo, Ti, V, W and Zr 
because phosphide of these elements are expected to be chemically more stable in 
aqueous solution The bandgaps of some of these phosphides are given in Table V. 
The reported metallic and semiconducting phosphides are given in Table VI 


Table V 

Bandgaps of some phosphides 


Metallic Phosphides and Bandgap <06 

Medium Bandgap Phosphides 

Material 

Ref 

Material 

Eg 

Ref 

CrP 4 

164 

AlP 

2 50 

174 

MoP* 

165 

BP 

22 

176 

VP 4 

164 

CdGeP, 

1 8 

174 

CoP, 

166 

Cd SnP, 

1 5 

174 

PdPs 

167 

Ga As P 15 

] 44 

113 

FeP 

168 

Jn>/ ^PScg 

1.55 

171 

TiP 

169 

ZnGePs 

2 20 

174 

a-WP* 

170 

ZnSiP* 

2 20 

174 

FeP, 

171 

ZnSnPs 

2 10 

174 

PtP, 

167 




FeP 

172 




TT 

170 




WP, 

165 




MnP 

173 




VP> 

170 




ZrP, 

170 




NiP, 

167 





Tabi b VI 




Properties of new transition met a! phosphides 



Matv rial 

E mpiriCiil 1 ormula 

I’g Photocurrent Isc 

Electron Affinity 



(eV) (niA/cm"^) 


(eV) 

Cobcilt phosphide 

O/P. , 

0 89 0 223 


5 02 



0 67 


5 13 

Iron phosph’de 

1 cP., ,, 

0 86 0 919 


3 97 

Molybdenum phosphide 

MoPi 0 

0 97 0 75 


4 54 



0 67 


4 60 

Nickel phosphide 

NlPo 41 

0 89 1 77 


4 29 



0 65 


4 40 

Vanadium phosphide 

VP„03 

0 78 1 26 


3 27 

Tungsten phosphide 

WP 5 « 

9 93 0 25 


4 94 
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In the absence of available literature on the bandgap of various possible phos¬ 
phide of these selected elements we decided to prepare the phosphides by a direct 
combination of metal with phosphoric acid, such that concentration of phosphoric 
acid IS kept in very large excess to metal present m the reaction vessel ® The slurry 
of metal/phosphoric acid is then heated at different temperatures for different dura¬ 
tion of time until all phosphate is converted into phosphide The dry powder is 
reduced in hydrogen atmosphere for various duration at different temperatures, until 
a phoshide is obtained with a bandgap of around 1 OeV because it is reported that 
the bandgap can be increased with increase in P content in GaAsi_a,Pa, (O < x < 1) 



Fia 8 Positions of conduction and valence band-edges 
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from 1 44 (a: = 0) to 2 25 (x = The materials obtained at each of the above 
treatments were analysed to determine the structure and the bandgap All materials 
which could be produced to a composition giving bandgap around 1 OeV were 
studied for their photoresponse The emperical formula of these new materials 
were determined by ED AX The conduction and valence band-edges were calculated 
by Butler-Ginley method 

It was observed that phosphides of Cr, Mn, Ti and Zr could not be prepared 
of bandgap around 1 .OeV by this method However, these elements may give lower 
bandgap by reducing them at temperature higher than 1200 °C Due to non-availabi- 
lity of high temperature set-up, we could not reduce at temperature greater than 
1200 °C. Results of these observations are given m Table VI and the band diagram 
of these new phosphide materials are shown in Fig 8 

It is obvious from Table VI that we should make in depth study of phos¬ 
phides of Co, Fe, Mo, Ni, V and W with a hope that one of them imght prove 
Its worth for PEC cell. Our group is actively working on these new phosphide 
materials. However, amongst published literature, phosphides of In and ZnP 2 seem 
to be promising materials 


Oxide Semicxjnductors 

Some of the properties of the oxide semiconductors of bandgap below 2 8 eV 
reported in the literature are shown in Table VII. Amongst the narrow bandgap 
oxide semiconductors, FcgOg, Pb 304 , PbFeiaOig, PbTij sWq gOg 5 , LuRhOa and 
Cdln 204 are few oxides which are found to be stable in electrolytic solution. How¬ 
ever, a-FCgOs and PbgOg may be economically viable materials to be explored. The 
theoretical efficiency of these compounds is expected to be around 20 per cent 
whereas in laboratory one has been able to get efficiency of about 1 per cent There¬ 
fore, there is a need to understand the reasons for getting low efficiency and effort 
should be made to achieve the expected efficiency. Both these materials (a-FegOj 
and PbjO^) are stable in alkaline solution There is also a need to make a 
systematic survey of all oxides of cheap metals having band gap in the region of 
1 0-1 8 eV Similarly, there is a need to make a systematic study on mixed oxides 
like titanates, molybdates and arsenates on lines as made for chalcogenides and 
phosphides. 


Miscellanfous Types of Materials 

Materials other than those discussed earlier and which are being studied for PEC 
cell includes GaAs, Si etc arc given in Table VIII. Amongst these compounds GaAs 
and CuInS 2 seem to show some promise for their use in a PEC cell However, none 
of these is stable for longer duration in the electrolyte 


Solar Chargeable Battery 

Scientists have been trying to fabricate a solar chargeable battery by using a variety 
of materials and redox electrolytes The batteries which have been published are 



Table VD 

Oxide mmiictors 


Material 

Eg 

(eV) 

Flat band potential 
(VmSCE) 

ESctscy 

•/, 

Nature of 
electrode 

Stability 

Ref. 

\E,i 8 J 

n -22 

-m 

09 

Single crystal 

in]iH >8 

29,30 

WO 3 

21 

-020 


Single crystal 

Stable 

Unstable under 
illumination 

189 

29,31 

CdO 

21 

420 


Polycrystalbne 

Unstable 

32 

VA 

275 

445 


Polycrystalline 

Unstable 

33 

BijOj 

28 

-032 

— 

Polycrystalbne 

Unstable 

33 

PbO 

28 

454 

— 

Polycrystalbne 

Unstable 

33 

^PbA 

21 

431 

009 

Polycrystalbne 


34 

;-CuO 

17 

4 06 

#ww« 

Polycrystaline 

Unstable 

34 

135 

(Li doped) 

+05S 


Polycrystalline 

Unstable 

35 

FeTiO 

\5„572J 

216 

410 


Single crystal 

- 

39,140 

FeliO, 

258 

460 

— 

Single crystal 


36 

FeJiOi 

218 

450 


Single crystal 

- 

37,36 

YFeO, 

260 

446 

— 

Single crystal 

Stable 

36,37 


180 

420 


Polycrystalbne 

Unstable (n-type) 

32 

HgjNbA 

180 

430 

- 

Polycrystalline 

Unstable (ii-type) 

32 

PbFeiiOij 

230 

+0.20 


Singlecrystal 

Stable 

32 

PbTij sWo A 5 

24 

440 

- 

Polycrystalbne 

Stable in acid 

32 

SrTA 

— 


20 

Polycrystalbne 


150 

CdFcA 

23 

410 

— 

Polycrystalbne 


32 

LtiRhO, 

220 

434 


Single crystal 

Stable-hole 
mobility 
= 25cm*|Ysec 
Electron mobility 
:^lcin‘/Ysec 

38,35 

118 

CdSnOi 

ip 

±01 


Single crystal 

Unstable 

39 

CdInA 

’B 

47±01 

- 

Single crystal 

Stable 

39 

ji-GeFejO, 

230 



Single crystal 
Hallmobibty 
= 2cni*/Vsec 


175 


330 



Table VHI 


Material 

E« 

Elecirolyle 

Efficiency 

Voc 

Isc 

Electrode 

Ref 


feVj 



(Volts) 

(niAcr^) 



/i-GaAs 

H 

Feu/Jt 

12 

1® 

9® 

Si-doped 

38,85, 



rjr 

i\illiFe*+/’+ 

972 

11,61 

Wafers 

11H3I, 




33 




1)9,137 



FeP)-*!'- 

Fe^i“,EDIA 

K.OH,Te’',iiiTt’“ 

15 

Ml 

833 



«'Si 

11 

FeCpi, 

12-58 

§3 


Single crystal 

132-135, 



A,N,C10, 





131,139, 



selliwl 

(ftCp,=(etn)C(«ie| 





141-145 

f-CaAs 

14 

i-,!rpH=o 

05-13 

02 

30 

Single crystal 

9,1411- 



KOjCljW 

06 

03 



149 









f-Si 

11 

VCIrVCIiiHQ 

006-115 

066 

25 

Single crystal 

151-154 








K 

G3AS(}i^P§ ;j 

- 

Noiaiiiitoiis 

13 

101 

151 

- 

113 



ttaioljle 
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Table K 


Solar ckgeubkklem 


Photo- 

electrode 

Storage 

voltage 

(V) 

Electrolyte 
redox spes 

^pholocliuiio 

(oiA|cm*) 

Storage 

electrode 

Photo 

voltage 

(V) 

Counter 

electrode 

(mAlciii*) 

Ref 

CdSt 


S>-)Sn- 


¥ 

mm 

Pt 

Ml 

177 

CdSe 

- 

n 

- 

if 

- 

C 

— 

HI 

MoSCj 


Br|Br« 

200 

Pt 

049 

Pt 

20( 

86 



HBrMafionlHIlIi 


HPt 




ITS 



i)H=35 







GiAs 

OS) 

Se'-fr 

100 

Cd 

OS) 

Pt 

146 

IIS 

CdSe 

040 

S-/Sn1Se-|SD- 

i 

Pt 

040 

Pt 

076 

ITS 

CdS 


SISf 


Co|Co(oii)s 


Pt 


180 

CdSe 




Sb/SbA 





BaTiOj 


Fe^+IFe’^ 


Ce^Ce^ 


Pt 


181 

/i-PbaOj 


Fe2+ PfSf 


lOr.i- 


Pt 


183 

/i-WSCjOr 


I'.ir 


AQ(AQHi) 

1,0 

C 


185 

w-MSej 




(SodiiimO-lOantlira 




184 





(hydro) qiuDone 2,6 









disulphonate) 





H-WSe, 


I'I.' 


n-lDP/S"Sn" 


Cd 


184 

n-CdSc 


Se-/Se 


p.CdTe0+ 




186 

?-InP 


CAN,FeH 

20 

Naioii|Ru*+(bpy)s 

13 

/t-CdS 


187 







Zn 


21 
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shown m Table IX But none of these has been found economical and therefore, 
the research is required to find a suitable non-corrosive photoelectrode and storage 
redox electrolytes One can use storage electrodes like Ag/AgCl, Cd/CdS, Ag/AgaS, 
where one does not need any separator However, research is required to confirm 
their effectiveness in the battery 
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PROTON CONDUCTION IN SOLIDS 
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Recent advances in the study of solids with high proton conductivity have 
been reviewed Many supenonic solids or solid electrolytes have been deve¬ 
loped for Ag+, Cu+, Li+, Na+, K+, F“, but not many good proton con¬ 
ducting solids are still available Reasons for this have been identified 
Important experimental techniques for studying proton transport have been 
outlined Two novel techniques for the study of ion transport used by us are 
laser Raman and NMR studies under d c bias. A general discussion of 
ditferent transport mechanisms is also presented 

Solid hydrates have been identified as a special group of materials which 
can sustain high proton conduction. Recent investigations in our laboratory 
have shown that the mterlayer water or water of crystallization of these solid 
hydrates can be electrolysed which supply the mobile charge carriers 

Applications of solid proton conductors are also reviewed Special mention 
has been made of two devices studied in our laboratory, viz. solid state 
dehumidifier and in situ solar energy storage system 

Key Words: Proton Conduction and Conductivity; Superionic Solids; Ion 
Transport; Laser Raman, IR and NMR Spectra; D.C. Bias; Solar 
Energy Storage System 


Introduction 

The charge transport in solids takes place via (i) electrons (li) holes and {in) posi¬ 
tive and negative ions Electrons are the charge carriers in metals In semiconduc¬ 
tors, the conductivity can be due to electrons and/or holes Alkali and silver halides 
are the earlier known solids in which conductivity is due to ion motion Their ionic 
conductivity was, however, very small (^10-^^-lO-^e ohm-^ cm“’) Recently, a 
large number of solids discovered show high ionic conductivity ’S uch solids termed 
as fast ion conductors or solid electrolyte or supenonic solids, conduct monovalent 
cations (e g H"*", Li"^, Na+, K*^, Ag"*", Cu+) with the exception of anion conductors 
for 0“ and F . For high conductivity, the number of charge carriers as well as their 
mobility should be large The ion transport may be facilitated by the thermally 
generated point defects or may be provided by some inherent structural disorder 
This review tries to present an overview of the perspectives and problems associated 
with fast proton transport in solids. The proton conductors are of great use in fuel 
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cell, hydrolysis cell, high energy density batteries and charge transport in complex 
biophysical system However, no reliable work was started until a few years ago 
despite many earlier claims of proton conduction in a series of solids ® 

Mechanism of Ion Transport-Phenomenological and Structural Approach 

The ionic solids can broadly be grouped into the following two groups on the basis 
of their conductivity or defect structure ■ 

1 Point defect type Insultating Tonic Solids, and 
11 Molten Sublattice type Superionic Solids. 

The transport mechanism for the two types are entirely different as briefly 
described below 

Transport in Point Defect Type Ionic Solids 

The ionic solids belonging to this class (viz., alkali and silver halides) possess 
conductivities lower than 10-’® ohm~^ cm~^ at room temperature 

An ideally perfect ionic crystal would be an insulator if the ion transport under 
the action of an electric field is assumed to take place via anion-cation exchange 
only This process involves a very high energy of — 15eV ® However, all ionic solids 
are known to have a finite (though small) conductivity. This is attributed to the 
presence of thermally generated Schottky and Frenkel defects in the lattice. These 
‘point defect type’ ionic solids can be further sub-divided according to the defect 
concentration as follows . 

(a) Dilute or low concentration 

The number of mobile defects is < 10^® cm~® 

Examples are (alkali and silver halides) 

(b) High concentration 

The defect concentration IS > lO’^cin-'^ 

These solids behave as fast ion conductors at high temperatures Examples are 
(Stabilized Zirconia or Hafnia, CaFa etc.) 

In general, the electrical conductivity is given by 

CT — S niqtjit, (1) 

I 

where, lu is the number of charge earner, qt the charge on the /th ion, and /j., the 
mobility of the charge carrier or ith ion 

Here, the charge carrieis are thermally generated Frenkel or Schottky defect 
pairs Their number (n,) and mobility (and hence the conductivity) are temperature 
dependent ® The number of these Frenkel (nf) and Schottky (n^) defects are given 
by the following expressions 



340 


S CHANDRA et ol 


and 


rip = (NN'y^^ exp 



n. 


N exp 



Ss \ 
2KT)’ 


( 2 ) 

13 ) 


where gp and are the energies of formation of Frenkel 
IS the number of normal lattice sites per unit volume N' i 
tial sites per unit volume 

The ionic mobility /x, is given by the expression 
^. = ^voexp(^-^j, 


and Schottky defects. N' 
s the number of intersti- 


..(4) 


where vo is the vibrational fiequency of the ion around its equilibrium position, 

AG IS the energy difference between the saddle point and lattice site 
position (i.e , energy barrier for the migration of ion) 

and a is the interatomic distance. 

Hence, the conductivity for materials with Schottky or Frenkel defects is 
given by 

—exp(^--j .(5) 

and 


Of = ^ 


(NN'yi^ aY 
kT 


Vo exp 


I S^f/24- AG^\ 
kT ') 


( 6 ) 


It IS obvious that a plot between log aT vs \/T would be linear for both the cases 

In the above discussion, we have assumed that all the defect pairs are thermally 
generated However, doping can also change the defect concentration (and hence 
the conductivity) For detailed analysis of doped alkali halides reference may be 
made to Chandra and Rolfe^, Fuller®, Friauf® and Chandra ’• 

The defect concentration, m general, can be altered by aliovalent doping apart 
from changing the temperature For most cases the conductivity of ionic conductor 
IS due to both the above reasons So, ‘point defect type’ superionic conductors 
generally show high conductivity only at high temperatures For example, PbFa is a 
good fluorine ion conductor at high temperatures only because of the increased 
number of thermally generated Frenkel interstitials ^ The 0^~ ion conductors are 
doped Zr02, HfO^, ThO,, CeOa etc, in which tetravalent cations are partially 
replaced by di or trivalent impurities (Ca'^'^, etc) 


Transport in Molten Sublattice Type Superionic Solids 

A disordered or defect structure provides a situation where mobile ions are 
possible One way is to create this by generating point defects thermally or through 
doping as described above The other more promising situation is an inherently 
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disordered structure where the available mumber of sites m one or both the sublat¬ 
tices are more than the ions, permitting ions to ‘hop’ almost like a ‘free ion’ from 
one site to another All these ions act as charge carriers. The high mobility or 
conductivity in this class of solids is further permitted by a ‘channelled’ or ‘layered’ 
structure The number of mobile ions are r- lO^^ Qxor^ The study of fast ion trans¬ 
port m a large number of materials indicates several, more or less, common criteria 
for high ionic mobilitv as given below. 

(i) Jonic Radii and Charge —A small cation or anion is likely to move more 
freely than a relatively large ion in a lattice. The cations have relatively small ionic 
radii compared to anions Therefore, most of the superionic materials developed so far 
are for monovalent cations like Li+ (0 60A), Na+ (0 95A), K'*' (1 33A), Cu+ (0.96A) 
and Ag+ (1.13A). The anions have large ionic radii, e g. F“ (1 36A) and 0^ (1.40A) 
and so anionic conductors are difficult to obtain at low temperatures Recently, 
Dunn and Farrington® have reported a few materials showing high mobility at high 
temperatures for divalent cation Ba®-’", Cd^'*', Sr^^ though it is much less than that 
for monovalent ions. This is somewhat expected since the coulombic energies 
involved in jumping/hopping of di-or-tnvalent ions are more than that for monova¬ 
lent ions 

Another related criterion is that the mobile ions should be weakly bound to the 
rigid lattice Smaller ions are called upon to be bonded more strongly to the lattice, 
whereas the small ionic radii would permit greater ease in its movement as discussed 
earlier. Therefore, m most materials a compromise has to be struck between both 
these effects which control the net mobility For example, Li+ ion in Li-p alumina 
despite its small ionic radii or size, is much less mobile than Na+ in Na-p alumina, 
apparently as a consequence of a weaker Na-0 bond “ 

(ii) Ionic Polarisability—Xyi^usion through the faces of the coordination poly¬ 
hedron is made easier by the large polarisability of the mobile species as well as 
that of antagonist ion The latter possibly distorts its electronic cloud during move¬ 
ment of the mobile ion Analysis of the electronic properties of various fluorides 
crystallizing with the same structure shows that larger is the polarisability of the 
cations, the greater is the ionic conductivity 

(ill) Covalency of rigid lattice —Ionic mobility would be higher if the bonding 
energy between the mobile ion and antagonist ion is weak A good example is LaFg 
which involves three types of fluoiine atoms The more mobile anions have the 
longest La-F distance Another interesting example is that of ternary compounds 
of formula MM'm Xn, in which the M-X bond may be weakened as a consequence 
of a strengthening in the competing M'-X bond Consequently, in isostructural 
materials, the optimal mobility is obtained when the rigid lattice is the most cova¬ 
lent possible Such examples arc hollandite type materials 

(iv) Coordination Number of Mobile Species —Fast ionic mobility is easier for 
mobile species with low coordination number because a large opening of the ‘bottle 
neck’ IS provided between the two neighbouring sites In some Ag’’’ and Cu"*" good 
ionic conductors the mobile cations have coordination numbers 4,3,2 in the 
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equilibrium positions^® whereas silver is 6-coordinated m poor ionic conductors like 
AgF, AgCl, AgBr. 

Similarly for anionic conductor the lower is the coordination number of anion, 
the greater is its mobility For example, m NaF, CaF 2 and LaFg the fluorine 
anionic coordinations are 6, 4 and 3 respectively and consequently their conducti¬ 
vities are such that ajiaF < ccaF 2 < cl a Fa 

(v) Structure and Concentration of Mobile Ion —For a large concentration of 
mobile ions, the energy difference of the cation-anion interaction m the various sites 
involved in the conduction mechanism should be small. Further, there must be a 
sufl&cient number of vacant sites for an ion to hop/jump Structure is probably the 
most important factor responsible for high ionic conduction Table I gives the 
structural parameters of some superionic solids. A highly ‘disordered structure’ is 
the common factor in all the materials which means that the number of sites in the 
cationic sublattice is more than the number of cations m the unit cell. Thus the 
percentage occupancy of each site is low A free ion like hopping of these ions from 
one site to another may take place giving high conduction One typical example is 
a-Agl where the number of sites per unit cell is 12 as against the number of ions 
which is 2 So the 2Ag+ ions can jump freely into the 12 sites available in that unit 


Table I 

Structural parameters of some superionic solids 


Material 

Structure 


No of cation 

No of 

Reference 




sites/unit cell 

cations/ 
unit cell 


oc-Agl 

b cc 

a = 5 06 A 


12 

2 

Wiedersich and Geller^* 

RbAg^I. 

Cubic 


56 

16 

Wiedersich and Geller*® 


a = 1124 A 




(Isomorphus-KAgils 
and NH4Ag4l5) 

[(CH3)4NJiAi3Tifi 

Hexagonal 
a = 12 77 A, c = 

26 54 A 

123 

39 

Geller and Lind^’ 

(QH,NH) Ag.!, 

Hexagonal 


34 

10 

Gclleri® Geller and 


a = 11 97 A, c = 

7 41 A 



Owens^® 

r-AgaSI 

b cc 

(disordered) 


12 

3 

Wiedersich and Geller** 

Ag7l4P04 

Cubic 

a = 106 A 


— 

— 

Takahashi et alj^ 

(CsHsNHlaCUsBr^ 

Space group P*,a,2 
a = 13 09 A, 6 = 
c = 11 78 A 

1104 A 

52 

20 

Chan and Geller®* 

LijSO^ 

fee 


3 

2 

Forland and Krogh- 


a = 7 07 A at 610 

•c 



Moe« 

L14S1O4 

Monoclinic 


18 

8 

Vollenkle et al 
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Ml r ror 
plane 


M I rrop 
p lan^^ 

© Na 

O 0 
• At 


Fig 1 An almost linear passage way in Fio 2 Crystal structure of p-alumma primitive 
an fee anion lattice. unit cell 


cell. For mobility between cells a face shared polyhedra provides the channelled 
structure given in Fig 1 Another interesting example is that of p-alumina (Fig. 2) 
where the low percentage occupancy for each site is also present, p-alumina has a 
layered structure in which there are three categories of cationic sites referred to as 
B-R, a-Br sites, mid oxygen (m o) sites^'* possessing different percentage occupan¬ 
cies. 


Special Problems of Proton Transport 

As discussed above, two important criteria for high ionic conductivity are that the 
moving ion must be monovalent with small ionic radii Both these criteria are satis¬ 
fied for H+ion, yet there are not many good proton conductors available. Some of 
the special problems of proton conduction are listed below 

(i) Naked H' ions are not found in solids under equilibrium condition (t > 
10““ sec) IS always covalently bonded to some electronegative atoms/ 
ions in the structure e g C-H, N-H, O-H 

(ii) Protons can be shared between two electronegative atoms e g , O-H-0. 
This IS the so-called hydrogen bond. 

(ill) Oscillation of H from one side to the other in a hydrogen bond O-H-0^ 
O-H-0 coriesponds to a net transport of charge and is, therefore, an 
essential step in the proton conduction mechanism 

(iv) Proton conduction differs from the conduction of other ions (Na't-, K'^, 
Ag"^) principally in the following ways . 
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id) Hydrogen bond is covalent and directional in character, whereas 
metal ions in ionic solids experience coulomb forces more or less from 
all sides 

(b) As a consequence, proton conduction involves at least two different 
steps as opposed to one step process for the other metal ion 
conduction. 

Different suggested transport mechanisms for proton conduction in solids 
are .— 

(0 Liquid-like Transport 

Liquid-like transport is possible in {a) materials which contain water layers 
included in the crystal structure such as H-montomorillonite, H-AI-Montmorillo- 
nite and H-Al-Fe-montmorillonite clay In these materials (clays) interlayer water 
forms liquid-like network permitting high protonic conductivity due to the liquid- 
like motion of {b) Polycrystalline materials composed of charged crystallites 
held together by an electrolyte solution. 

ill) Proton Jump followed by Reorientation 

This mechanism will function with the following acid/base couples properly 
located at alternating positions 

HaOVHaO, NH+/NH3, R-COOH/RCOO" 

H2O/OH-, R-NH+/R-NH2. RSO3H/RSO- 
OH-/ 0 - 

The proton jump is possible by tunnelling in a hydrogen bond The mechanism 
involves two steps as follows — 

(/) In the first step the proton is transported by tunnelling (or hopping) in 
hydrogen bond (eg., HaO*' -»■ HgO, NH+ -► NH 3 etc ). 

in) In the second step, the subsequent reorientation of neutral molecules (e g 

H 2 O, NH 3 . ) thus formed to occupy the vacant proton positions 

The molecular reorientation during proton conduction is shown in Fig 3 as an 
example for hydrogen uranyl phosphate (HUO 2 PO 4 4 H 30 ) In this material, which 
IS ‘acidic hydrate’, alternating layers of UOj- and PO^- ions contain layers of HaO 



Fio 3 Illustrative example of proton motion in HUOaPOj 4H»0 
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and H3O+ ion. The ratio of HjO'*' to HgO is 1 to 3 wheie hydrogen bonding is 
dominating Other examples of acid hydrate group are HUOg AsO^ 4H2O, H3 
PWia04o29HaO and H3PM012O40 29H30,28 H30,Al3(S04)3 (OH)6,2s HgUO^ 
(103)2 4H20,3° HgO^-p-alumina etc 

Another example is that of a basic hydrate [Zn2Cr(OH)6] OH wHgO®® which 
shows conduction due to proton exchange between HgO and OH~ species. Here in 
the positively charged layers of [ZngCr (OH) 6 ]''', the interlayer of [JT-nHaO]' are 
present, [X~ = OH“] Similar is the case for other acid/base groups The transport 
phenomena is known as ‘Grotthus type mechanism ’ The activation energy lies 
entirely in the reorientation step Thus, net activation energy is low. * 

(ill) Polyatomic Ion Transport 

This type of conduction prevails in compounds, where the corresponding acid/ 
base partners are not present i e , H3O+ without excess HgO, OH“ without O^- or 
HaO, and NH^without NH3 are present in the material. The polyatomic ions 

OH“ or MH+ migrate as entities through the bulk material The activation energy is 

expected to be very high. This is known as ‘vehicle mechanism.^® In solids hke 
L1N2H5SO4,®* HgO+'p-alumma and NHj-p-alumma,®^ NH+-Zeolite, 3 « HjO UO2 

ASO4 3H20®^ polyatomic species like HgO"'', N2H+, NH^ etc migrate as entities on 

application of electric field 

The ‘vehicle mechanism’ and ‘Grotthus mechanism’ are pictorially illustrated in 
Fig 4 . 


Materials 

The various protonic conductors can be classified as — 



n 



Co-operative ion motion (with reorientation -i- hopp'ng) or Grotthus mechanism 
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A Non-Hydrogen-Bonded Systems 

(i) Materials lacking stoichiometric hydrogen m which proton occurs either 
by defect equilibria with water and/or hydrogen or secondly by electrical injection of 
protons from adjacent layers A few metal oxides like Cu^O, CoO, NiO, ZnO, T1O3 
etc may sustain protons 10~® —10“'^ mole fraction. 

(//) Aromatic hydrocarbons without hydrogen bonds are also possible candi¬ 
dates for proton conduction However, not many compounds have been reported 
Anthracence probably has some protonic conduction 

B- Hydrogen-Bonded Systems 

(i) Isolated hydrogen bonds in small carboxylic acids, hydroxy compounds 
(orthobonc acid H3BO3, pentaerythyritol etc ), alkali metal fluorides (like KHFj) 
allow some proton conduction 

(//) A large group of materials with chains of hydrogen bonds broken by 
intramolecular links have been found to show proton conduction like NH4CI, 
(NH4)2 S04, ammonium perchlorate, oxomum perchlorate, triglycine sulfate (TGS), 
the KDP ferroelectric family, ammo acids, a few hydrates, borax, imidazole etc 

{ill) A few mateiials with linked chains of hydrogen bonds also show protonic 
conduction like ice, alcohols etc 

C Organic Polymeric Systems 

Polyamides (nylon), polysulphinimide (SONH)n, mylar etc , arc some familiar 
examples 

D Biological Systems, Including Biopolymers 

Some of the proton conductors are listed in Table II 

Some Experimental Results 

We wish to discuss some unusual results recently obtained by us on two hydrates 
Viz Molybdic acid, MoOj 2H2O and Ammonium para-tungstate (NH4)io. W12- 
041.5H20 Glasser^ has identified some important experimental techniques neces¬ 
sary for the study of pioton conductors A major problem in the field of proton 
conductor is a definite proof that charge transfer in the solid occurs by motion of 
protons Some of the techniques used arc — 

® Time-dependent polarisation (including Maxwell-Wagnei dispersion 

• Coulometric measurement 

• Space-charge Polarisation 

• Electrical conductivity and thermoelectric power 

• DilTusion 

• Ion Dynamics by NMR, IR, Raman, Electron paramagnetic resonance. 
Neutron scattering etc 
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Table n 


Materials 

Sp Conductivity 
(ohm-1 
room temp 

Proton 

Conduction 

Mechanism 

(0 


( 11 ) 

(ill) 

1. 

HUOaPO* 4H^O (HUP) 

4 X 10-» 

H30VH30jump 

2 

HU0aAS04 4HgO (HUAs) 

6 X l0-» 

3 

H8U08(I04),4H,0 

7 X 10-» 

H3OVH3O jump 

4. 

SbiOs nHjO 

3 X 10-« 

H,0+/H40 jump 

5. 

01,0) Ah(S04),(0H), 

3 X 10-^ 

HjOVHaO 

6. 

Sb.Os 4H,0 

10-* 

HjO+ZHsO jump 

7 

(H(HaO)J,8SbiA» 

I0-’ 

HsO^/HaO jump 

8 

H30U0,AS04.3H,0 

— 

HaO+ZHjO at high pressure 

H3O+ migration at low pressure 

9. 

[Zn3Cr(OH)dOH /iHjO 

6 X 10-* 

H3OZOH- 

10 

p-KOH (248 “Q 

10-" 

H4OZOH- 

11. 

HsPMOiaO^o 29HaO (PMA) 

1 8 X 10-* 

Liquid like transport of H *• 

12 

H3PW12O40-29H.O (PWA) 

1 7 X 10-‘ 

Liquid like transport of 

13 

H+ montmorillonite clay 

1 4 X 10-* 

Liquid like transport of H+ 

14. 

H-Al montmorillonite clay 

10-M0-* 

Liquid like transport of H+ 

15 

M0O3 2H2O 

lO-s 

Liquid like electrolysis 

16. 

rn(OH)3 4H3O 

io-» 

Liquid like transport of H+ 

17. 

(NH4)40Wi4O4j 5H,0 

10-® 

— 

18 

AI(OH), 4H3O 

6 X 10-* 

Liquid like transport of H+ 

19 

Ca.,0, 4H3O 

10-* 

Liquid like transport of H+ 

20 

SnOi 3H4O 

2 X 10-« 

Liquid like transport of H+ 

21 

ZrOa 23H.O 

3 X l0-» 

Liqiud like transport of H+ 

22 

H3O ClOj 

3 X 10-* 

H30+- migration of impurity 
conduction 

23 

Hydrated hydronium p-alumina 

5 X 10-* 

H lO+ZHjO jump 

HjO+ migration 

24 

NH4+-p-dlumina 

10-* 

NH4+ migration 

25 

NHp-zeohte 

2 X 10-* 

NHi'*- migration 

26 

UN.H3SO, 

2 y 10-8 

NiHs migration 

27 

SnCL2H,0 

io-« 

Liquid like transport 

28 

(NH,),H(S04)3 

10-’ 

— 

29 

LiH,P 04 

io-» 

;?-po,hzi?-? 03- 

30 

SrCCi.^M^Oj (600 ‘C) 

(M = Y, Yb, In, Zn, Nd) 

io-» 

Conduction by electron holes 

31 

N^HoSOi (200 ' C) 

10-‘ 

Reorientation followed by hop 


It must bo, bower, noted that no single technique would be able to tell unambi¬ 
guously about the proton trunspoit A combination of many techniques may reaso¬ 
nably decide the transpoit mechanism Some of the more common techniques are . 


(a) Coulomcti ic Measurement 

When current is passed between electrodes holding the sample, the electro¬ 
chemical product of the conduction in the form of gas at the negative electrode is 
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collected and measured The percentage of charge carried by the protons can be 
calculated from the volume (and hence the mass) of gas collected 

(6) Nuclear Magnetic Resonance 

The dynamics of proton motion m solids is best studied by NMR. A ‘Ime- 
narrowmg’ occurs when the proton is free to move Further, the relaxation time 
measurements also help in knowing the detailed ion dynamics 

(c) IR and Raman Spectra 

The presence of low frequency modes in laser Raman spectra are generally 
indicative of a free-ion situation Sometimes, the IR spectrum is also found to be 
broadened and modified as a result of proton-tunneling or weakening of hydrogen 
bond. Chandra and Smgh^® tried to locate the mobile H+ by looking at the IR 
spectra of original sample and a sample from which some protons have been trans¬ 
ported out by electrolysis during coulometnc experiment. 

id) Neutron Scattering 

Diffuse X-ray and neutron scattering are powerful tools for studying ion dyna¬ 
mics However, inelastic scattering of slow neutrons is more suited for proton 
conductors because the incoherent scattering cross-section of hydrogen for neutrons 
is particularly large 

In the following paragraphs we describe some of the results obtained in our 
laboratory The materials fall in the following categories — 

(0 Hydrates M0O3 2H2O and (NHJio 5 HoO 

(n) Hydrazine Compounds NoHeSO^ and NaHeCla 

Coulometry and Transference Number 

One of the most difficult problems m proton conductors is to show that actu¬ 
ally proton is the mobile species We developed a direct method m which a specially 
designed coulometer was used and hydrogen envolved was collected (Fig 5 ). While 



Fig 5 Coulometer 
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cairying out the experiment on M0O3 2 HaO, we found that the amount of Hg 
envolved at cathode is much less than the expected volume from Faraday’s law. We 
suspected that a part of charge is being carried out by 0®“ produced as a result of 
electrolysis Thus, a new hypothesis of possible electrolysis of interlayer water or 
water of crystallisation was made To confirm this, a specially designed coulometer 
or electrolysis cell was used as shown in Fig 6 The volumes of gases evolved (if any) 
at cathode/anode could be measured by monitoring the movement of mercury columns 
in the micro-pipette attached on the two sides A thin pellet of the sample was 
mounted by araldite on the cone face separating cathode and anode ends Electrical 
contacts at the two faces of the pellets were made with platinum wire electrodes 
dipped into pure mercury The electrolysis was carried out at a constant current 

The amount of gases collected (evolved) at the cathode and anode sides of the 
coulometer are shown in Fig 7 which have been used for calculating the transfe¬ 
rence numbers If the material is essentially an ionic conductor with proton as the 
only mobile species, one would expect H2 alone to be collected at the cathode as 
shown in Fig 7 The astonishing result is the evolution of O2 [Fig 7 (a) and 1 (b)] 
and CL[Fig 7 (c)] at the anode We propose a new concept that the water of crystal¬ 
lisation IS electrolysed in the former cases while HCl is electrolysed in the latter case 
We have used IR-studies to confirm our electrolysis hypothesis The effect of electro¬ 
lysis IS most pronounced m M0O3 2H3O where one of the H2O is interlayer (the 
other is coordinated) which can be easily electrolysed For Ammonium paratungstate®® 
the protons foi the transport are mostly provided by NH+ group while only a small 

part comes from the electrolysis of H^O Similarly, in hydrazine di-hydrochlonde, 
the hydrazonium ion provides most of the protons (as established by Chandra and 
Singh®®’^® for hydrazine sulphate) and a very small, though finite, part is as a result 
of electrolysis The transference numbers for different mobile ionic species in the 
above studied four compounds arc Molybdic acid (in - 0 69 , to’i — 0 18 ), ammo¬ 
nium paraiungstate (/u 0 79 , toi ^ 0 14 ), hydrazine di-hydrochlonde (tn 0 92 , 

Ici - 0 07 ), hydrazine sulfate (tn = 0 92 ) 

The transference numbers given above have only limited importance and may 
actually be in error When we looked at the sample after the electrolysis experiment 
was completed, a blackening of the electrode surfaces was noted This is indicative 
of some electrode reaction The possible reactions for M0O3 2H2O are as follows 
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Fig 7 Volume of gases evolved as a function of time 


At cathode x H + M0O3 (group) HasMoOj Bronze (Blue/Grey) 

At anode Hg -f- I/2O2 HgO 

We could not definitely identify the presence of HgO for M0O3 2H2O case 
from IR spectroscopy as the new peak position lOOO cm“’^ coincided with one of 
the bands of the monohydrate M0O3 H^O (resultant electrolysis product) How 
ever, this band could be seen in material near the anode surface after the electrolysis 
of (NHJjo WiAiSH^O 

Infrared Studies of Electrolysed Sample^^‘^’^ 

In an attempt to identify the hydrogen which has moved out of the sample 
during electrolysis, we have taken the infrared spectra of electrolysed sample and 
compared it with the IR spectra of the original sample These spectra are given in 
Fig 8. Laser Raman spectra of some of the samples have also been taken and would 
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be reported elsewhere. The salient features relevant to the present discussion are 
given below. 

The IR spectra of original M0O3 2H2O and the material obtained after elec¬ 
trolysis or coulometry expennaent are shown m Fig 8(a). A comparison of band 




WAVEIJUMBER (cm-1) 


Fig 8 I R absorption spectra of the original and electrolysed samples 
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positions of these recorded spectra with those already reported in the hterature *^-*3 
shows that the electrolysed material consists of M0O3 H2O (monohydrate) This 
confirms our hypothesis of electrolysis of molybdic acid in which the dihydrate has 
been converted into monohydrate 

Fig 8(c) gives similar results for ammonium paratungstate The most distinc¬ 
tive feature is the appearance of two new peaks around 1240 and 3000 cm“’^ in the 
electrolysed sample This may be due to lifting of degeneracy as a result of the 
lowering of symmetry of any particular molecule or ion after electrolysis We have 
hypothesized m our coulometry studies on this material that NH+ group provides 

most of the protons for transport while only a part of it is provided by electrolysis 
of hydrated water NH+ ion has Tan symmetry while NH3 has C^v symmetry This 

lowering of symmetry results in one additional bending peak of NH3 at 1240 cm-’ 
and N-H stretching peak at 3000 cm-’ 

Fig 8 (b) gives IR spectra of N^HeCl* or N2H4 2HC] In coulometry we have 
collected a very small amount of Cla and so most of the hydrogen evolved is not 
essentially due to electrolysis of HCl group The IR spectra shows appearance of 
new peaks at 1400 cm-’ and 1235 cm-’ and some other features which are 
characteristics of N2H+ group confirming the removal of a part of hydrogen from 

group Similar results were obtained earlier by Chandra and Singh®® for 
hyrazine sulphate. 

Laser Raman Spectra under D C Bias 

Laser Raman spectra (Fig 9 ) of the original sample (MoGj 2H2O) without 
electrolysis and duiing electrolysis near cathode and anode separately were recorded 
at different intervals of time with d c bias ‘on’. The mam differences between the 
Raman spectra of the original and the electrolysed samples near cathode and anode 
are given below — 

(0 Two new modes appear at 795 cm“’ and 414 cm-’ These bands grow with 
time of electrolysis as given in Fig 10 Further, the recorded spectra at the cathode 
during electrolysis resembles with the reported laser Raman spectra of white or a— 
MoOa H^O by Saleem and Aruldhas^’® which confirm our earlier IR studies. 

{11) The relative intensities of pair of bands, viz 77 cm-’ and 88cm-’ which 
are related to translational motion of 10ns, change. This is more evident m samples 
near cathode 

(ill) The relatne intensities of 888cm"' band and watei hbration mode 846 
cm“’ also change 

NMR under D C Bias 

Here, we describe an unusual method for studying ion transport. It is well known 
that NMR line narrowing occurs in the presence of rotational and/or translational 
diffusion Our effort here was to look for the motion of H+- under d c field To 
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Fig 9 Laser Raman spectra of (a) original sample (MoOs.ZH^O) without field, (b) sample at 
cathode when d c electrolysis is in progress at 20 volts and (c) sample at anode when d c 
electrolysis is in progress at 20 volts 


detect a possible translational diffusion of H"*" we measured NMR line width as a 
function of applied d c bias across the sample This has been presented earlier by 
us** NMR line width measurement were made on pressed cylindrical samples of 
M0O3 2H2O placed inside a glass tube These aquadag silver electrodes were placed 
on two opposite faces of the pellets Copper/Silver wire leads were attached to this 
NMR spectra of these samples were recorded at diffeient d c bias with the help 
of a wide line NMR spectrometer at 9 6 MHz We quote heie some of the results 
reported earlier by us 

The peak to peak lincwidths of the recorded derivative signals corresponding to 
Proton magnetic resonance absorption lines of M0O3 2H2O pressed pellets under 
increasing d c bias at different temperatures were measured separately Following 
significant observations were noted 

(/) At (125 :1 25 ) °K the observed derivative signals were found to be highly 
uniform and symmcti 1C [Fig 11 (a)] The measured hnewidth was appiox equal 
to 3 0 Gauss, being independent of incieasing dc bias at this tempcratuie 
This leads us to conclude that at this temperature both water protons behave in 
similar way 
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(ii) With increasing temp (from 300 to 373 °K), unique asymmetric deriva¬ 
tive signals appear The symmetry is found to be broken at points Pj and Pa mark¬ 
ed by arrows on the derivative curves as shown in Fig 11(b) for V 0 at 333 ®K 
This unique shape of the lecorded deiivative is explained by assuming the superposi¬ 
tion of a narrow line shoulder, coiiesponding to interlayer water protons which are 
thermally activated m the lattice, over a broad proton resonance line conesponding 
to the coordinated water molecules being not effected by such temperatures It is 
noted that the measured linewidth of the narrow line shoulder (AHj) decreases with 
increasing temp while that of broad proton resonance line (AHi) remains constant 
3.0 gauss Hence, motional narrowing is associated with shoulder This suggests that 
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Fio 11 Recorded derivative signals corresponding lo proton magnetic resonance absorption lines 
under different conditions 

as a thermally activated pi ocess only interlayer water protons take part in the 
charge transport or conductivity 

(iti) With increasing d c bias ( 0 , 20 , 40 and 60 volts) at temperatures (125 i 
25 ) “K, 300 "K and 333 '’K proton magnetic resonance derivatives have been 
recorded One such typical record is shown in Fig n(c and d) at 333 °K Interest¬ 
ingly, the intensity of the narrow line shoulder seems to increase The measured 
linewidths of the narrow line shoulder decrease with increasing d c bias as shown 
m Fig 12 This suggests that interlayer water protons are made mobile by the appli¬ 
ed d c bias This observation suggests that studying NMR under d c bias can be a 
useful technique or experimental probe for screening possible proton conductors 

Electrical Conductivity 

The detailed investigations of electrical conductivity as a function of tempera¬ 
ture and frequency are described elsewhere Here we describe only those results on 






356 


S CHANDRA et ol 


O 



Applied d c bias on the sample (volts) 

Fig 12 


M0O3 2H2O which are relevant to illustrate our point of view that possible 
electrolysis of water of crystallization has a role to play in electrical conductivity If 
electrolysis is taking place, the number of charged ionic species would increase with 
d c bias and hence conductivity must increase accordingly This is found to be true 
from the experimental results given in Table III 

Table III 

A C conductivity of MoO^ IH 2 P at different D C btas*^ 
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Time dependence of a c conductivity has also been investigated. A typical 
result IS shown in Fig 13 The sample was first kept m vacuum It is found that the 
conductivity decreases with time partly because of (i) polarisation and (n) depletion 
of interlayar water of crystallization as a result of electrolysis After this, we opened 
the sample to ambient atmosphere when its humidity is expected to supply the lost 
interlayer water molecules As a result, we would expect the recovery of the conduc¬ 
tivity as shown by region BC in Fig 13 As a further consequence, the humidity of 



Fig 13 Time dependence of ac conductivity when the sample was kept in vacuum and sub¬ 
sequently in ambient humid atmosphere 
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the ambieat would decrease This has led us** to develop a device called solid state 
dehumidifier. 


Applications 


(i) Solid State De-Humidifier 

This works on the principle described earlier according to which a part of 
interlayer water of crystallisation of solid hydrates can be electrolysed and this loss 
of water of crystallisation is compensated by dilfusion of water molecules from the 
atmosphere which subsequently leads to dehumidification The device should be 
designed such that the end electrodes are able to discharge the electrolysed gaseous 
products Ha and Oa as well as the diffusion of water vapour from outside must be 
permitted Pressed pellets of M0O3 nearly 2 mm thick were used to which a 

metallic grid (or porous platinum electrode) was attached to act as porous electrode 



Fig 15 (d) Metal hydride storage of hydrogen produced by photoelectrolysis in PEC 
(f») Photoelectrolysis cell integrated with proton fuel cell for in-situ storage of solar energy 
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On application of a small voltage, we found that humidity of the closed enclosure 
decreased A typical result is shown m Fig 14 

(/i) Electrochemical Devices 

(a) Fuel cell 

(b) Proton battery 


Pd ( H) 

Pex^iy l.H ) Ca H2 






Fjg 16 (a) Solid state proton battery (6) H^-air fuel cell (c) humidity sensor (4) steam electroly¬ 
sis cell 
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(c) Gas and humidity sensors 

(d) Steam electrolysis 

The principle of the electrochemical device is simple If the electrochemical 
activity of the mobile species on the two sides (ai, an) of the proton conductors are 
different, a voltage is developed given by 


„ RT, ai 

E - ry rp lU' y 

ZF an 


where F is Faraday’s number and Z is the effective charge on the mobile ion The 
activity difference can be created by using different gases on the two sides (H^/Oa 
in fuel cell) or the same gas at different pressures (solid state battery) 

Fig 15 shows schematically these devices The measurement of electrochemical 
E M F can also be used to measure the gas pressure (Ha, HaO, etc) on one side of 
the proton conductor provided the gas pressure or activity at the other end is 
known Schematically gas sensors (used as humidity sensors) based on this principle 
are shown in Fig. 15(c) A novel use of proton conduction is in steam electrolysis 
Suppose the proton conductor is biased as in Fig 1 ^{d). The following cell reac¬ 
tion results in the electrolysis — 

Anode H20(gas) -> 2H+(electrolyte) -f l/20a(gas) -{- 2e-(electrode) 

Cathode 2H+(electrolyte) -h 2c“(electrode) -> Ha(gas) 


CONDUCTING GLASS 


HyW 03 


PROTON CONDUCTOR 


■HX WO 3 


CONDUCTING GLASS 


+ 1 - 


TO POWER 
SUPPLY 




H ♦ e” 


AT ANODE H — 
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AT CATHODE’ xH*4.xe~ ♦Colourless WO3—1 

(in WO 3) » 

HXWO3 (Blue) 

REVERSE REACTION FOR DECOLOURATION 

Fro 17 Schematic diagram of an electro-chromic display device 




PROTON CONDUCTION IN SOLIDS 361 

The pure hydrogen without water vapour can be taken from the cathode 
compartment 

(///) Solar Energy Storage 

Recently, Schoonman,^^ Chandra and Khare {to be pubhshedf^ have integrated 
the proton conductors into semiconductor-liquid junction photoelectrolysis cell for 
solar energy storage The charge transfer between photogenerated electron-hole 
pairs and the aqueous electrolyte as the semiconductor electrolyte interface results 
m photoelectrolysis of water and the hydrogen is produced at the metal counter- 
electrode In Fig. 16(a) the hydrogen is transported through proton conductor 
(HUP) and stored in a metal hydride In Fig 16(6), the hydrogen produced is 
collected on one side of the proton conductor to be used in the Hj/air fuel cell 

(iv) Electrochromic Display Device 

Fig 17 illustrates the use of proton conductor in an electrochromic display 
device A thin film of colourless WO 3 is coated on the proton conductor. 

The device is biased in such a way that hydrogen is transported through the 
proton conductor which in turn forms a blue brozne HajWOa to give the display. If 
the bias is reversed, the hydrogen is withdrawn from H^WOg again to give a 
decoloured WO 3 
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Recent progress in the area of ditFusionless reactions in organic crystals is 
reviewed, with particular emphasis upon single-crystal to single-crystal 
transformations; morphology control and absolute configuration determina¬ 
tion, and the reactivity of guest molecules incorporated in clathrates and 
zeolites 

Key Words : Organic Solid State Chemistry, Dififusionless Reactions: Single- 
Crystal-Single-Crystal Transformation; Morphology Control; 
Absolute Configuration; Guest Molecules in Clathrates and 
Zeolites 


Introduction 

Interest in the various transformations (both chemical and physical) which may 
occur within an organic solid continues to increase In part, this interest aiises 
from the potential of utilizing the restrictive environment and limited motion 
available to the reacting molecules towards the synthesis of new and novel materials 
At the same time the exploitation of these constrained systems for studying m 
detail the mechanism of certain reactions has also been pursued Indeed the range 
of topics which have been studied is impressive and covers amongst other things, 
an analysis of the influence of structure on the perfection with which a reaction 
proceeds,the control of crystal morphology by addition of tailor-made impuri¬ 
ties,® an area of key industrial importance, the determination of absolute configura¬ 
tion,monitoring the course and identifying the small changes in molecular 
packing associated with the onset of photoinduced decomposition and abstraction 
reactions,’*’® the influence of the surrounding matrix on the reaction of guest molecules 
in both clathrates and inclusion compounds® and in inorganic matrices such as 
zeolites 

Associated with these wide ranging interests a concommitant development of 
techniques aimed at probing slight changes in structure have also emerged, in situ 
X-ray diffractomctry'—whereby the exact orientation of product molecules within 
reactant may be determined, Fourier transform infrared—so sensitive that isotopes 
of very low natural abundance may be studied,® electron spin lesonance—giving 
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the relative orientation and separation of free radical pairs,® and most recently, 
and with considerable future potential, solid state nuclear magnetic resonance^® 
emerging primarily as a result of the realisation that the inherent difficulties asso¬ 
ciated with the application of NMR to solids may be removed by so-called magic- 
angle-spinning techniques and with the low natural abundance of overcome by 
cross-polarization procedures 

This article will briefly review some of the key areas which are currently being 
studied in the area of organic solid state chemistry We shall, in particular, 
refer to 

(1) Single-crystal -> single-crystal transformations, which have been extensively 
studied 111 our own laboratory and elsewhere 

(2) Recent trends in the area of so-called “crystal engineering.” 

(3) The control of crystal morphology by the addition of small amounts of 
selected (tailor-made) additives, and the possibility of determining absolute 
configuration by selective uptake of impurities by particular crystal 
surfaces 

(4) Recent developments in the area of polydiacetylene chemistry, in parti¬ 
cular a method of enhancing the conductivity of such polymers by 
incorporating dopant molecules into the monomer structure prior to poly¬ 
merization. The manner in which one may locate these impurity molecules 
within the lattice is also considered 

(5) The nature of the reactions which occur when organic molecules are 
converted to product-either thermally or photochemically-within rigid host 
matrices such as clathrates and zeolites 


1 Single-Crystal-Single-Crystal Transformations and Topochemical 

Requirements in [2 -f- 2] Dimerizations 

Few examples of perfect single-crystal-single-crystal photoinduccd reactions are 
known In the course of a solid state reaction there is generally a significant 
change in bond distance and geometiy In the case of the [2 -f- 2] photodimeri- 
zation reactions, for example, there is generally either considerable fracture of the 
crystal during reaction, or else a loss in crystallinity In both cases the marked 
change in local geometry results in a loss of lattice control One particular 
system, however, which yields highly perfect single-crystal product is based upon’*^ 
2-benzyl-5-benzylidenecyclopentanone (BBCP), see Fig 1, and several of its deriva¬ 
tives— see Table I 

The crystallographic features associated with this reaction and the associated 
changes in cell parameters which occur during the transformation have been care¬ 
fully monitored ^ A gradual change in cell parametei is observed, suggesting that 
the reaction proceeds smoothly throughout the entire crystal lattice, an observation 
which may be readily understood by compai mg the monomer structure with that 
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P(G 1 Schematic illustration oi the dimerization of BBCP and its denvatives to yield the centro- 
symmetric product The changes in cell parameter and space group for various X and Y 
substituents are given in Table I 


Table I 


Unit cell values for monomer and dimer crystals for various derivatives of 
2-benzyl-5-benzyhdenecyclopentanone 


X 

Y 



space Group 

a/A 

blk^O 

c/A 

F/A3 

H 

H 

BBCP 

monomer 

Pbca 

31.302(11) 

10.784(3) 

8 687(3) 

2932 




dimer 

Pbca 

31 321(4) 

10 811(4) 

8 629(3) 

2922 

Br 

H 

BpBrBCP 

monomer 

Pbca 

34 222(6) 

10.923(1) 

8 427(1) 

3150 

H 

Cl 

pClBBCP 

monomer 

P2i/c 

17175(4) 

10 587(3) 
76.33(9) 

8 796(5) 

1554 

H 

Me 

pMeBBCP 

monomer 

P2,/c 

17 341(2) 

10 675(1) 
102 54(1) 

8 736(1) 

1579 

Br 

Cl 

pClBpBr- 

monomer 

P2i/c 

17 522(4) 

7 906(2) 

11 888(2) 

1646 



BCP 




91.19(1) 



Br 

Me 

pMeBpBr- 

monomer 

P2i/c 

18 381(2) 

11 209(2) 

8 285(2) 

1702 



BCP 




94 46(1) 





A 

monomer 

P2,/c 

17 314(2) 

10 667(1) 
77 39(2) 

8 747(2) 

1577 




dimeric 

P2i/c 

17 306(3) 

10 667(2) 
76 64(2) 

8 768(2) 

1575 


see Fig 1 for position of substituents X and Y within the molecule 

of the product dimer—the space group and crystal packing of the product dimer is 
identical to that of one of the dimer polymorphs obtained by recrystallization. 
Fig 2 illustrates the crystal structure of the BBCP monomer viewed along [001], a 
comparable view of the dimer structure is shown below it There is clearly little 
movement associated with the reaction Indeed, because of the perfection with 
which the reaction proceeds it transpires that it is possible to obtain full structural 
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Fto 2 Packing diagram of the monomer of BBCP viewed along [001], upper, and the correspond¬ 
ing view of the dimer product—again along [OOl] after reaction, lower . carbon atoms C5 
and Cl 3 in individual incipient dimer pairs are highlighted 



Fio 3 ORTEP plot illustrating the monomer and half-dimer equivalent fragments at approxi¬ 
mately 70 per cent conversion-conversions estimated from the refined occupancies of the 
respective atoms The thermal elipsoids are drawn at a 50 per cent probability level, 
the elipsoids marked Cl3' and C5' correspond to the residual monomer within the 
crystal 


data at various stages of the conversion. Fig. 3 shows the situation when 70 per cent 
of the material has reacted The structural refinement reveals two locations for 
the C5 and Cl3 carbon atoms One is associated with that component of the 
crystal which is unreacted, whilst the other corresponds to the dimeric product 
Various derivatives, and indeed mixed crystals, have been shown to follow this rather 
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ideal reaction pathway In most cases the product yield of dimer is, as expected, 
very close to 100 per cent 

For BBCP the photoreactivity may be correlated with the presence, in the 
monomer structure, of incipient dimer pairs in which the two benzylidene C = C 
bonds are related by a center of symmetry. Fig. 4 Intuitively, one might except 
this particular arrangement to be a prerequisite for photoreactivity, and loss of such 
reactivity to arise when the packing mode does not allow either a close-enough 
approach of the double bonds, or perhaps presents a rather unhelpful relative orienta¬ 
tional relationship This requirement for a particular arrangement was the basis of 
the ideas first formulated earlier by Schmidt and his colleagues,^^ when they outlined 
the principles of topochemical reactions in organic solids 

In certain crystals non-reactivity is understood as arising either because the 
reaction centres are too far apart or because the required symmetry relationship 
is absent. Indeed, where reactivity under inappropriate circumstances has occurred, 
the reaction has frequently been considered to occur at certain crystalline imper¬ 
fections. 

It might usefully be asked, therefore, what is the flexibility m the parameters 
defining the geometry of a reactive double-bond configuration‘s 

A system which has thrown considerable light on this question has been described 
by Theocharis et al. using dibenzylidenecyclopentanone as the parent compound 

DBCP crystallises in the space group with cell parameters of a = 

11 803(2), h — S 698(4) and c = 20 %12{2)k, there are 4 molecules per unit cell. 
The molecules are arranged in stacks along [010] —see Fig 5 —in such a way that 
nearest neighbour molecules are related by translation along [010], such that 
C(2). C(13') IS 3 714(5) and C(6) . C(5') is 3 725A, the primes indicate symmetry 
related molecules. The dimer obtained from the solid state reaction packs into 
the tetragonal space group P4i2i2 with a = b — 10 860 and c ~ 23.979A, z = 4. 



Fig 4 Composite diagram of ‘incipient’ dimer and ‘product dimer illustrating the relative posi- 
tions of the monomer and dimer molecules 
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Fig 5 (a) DBCP structure viewed along the a-axis (b) A view along a direction perpendi¬ 
cular to the mean molecular plane of the ‘incipient’ dimer pair; the angle between the 
reactive is 56* 

Close inspection of the monomer structure reveals that the two bonds which react 
to give the c>clobutane ring belong to benzyl groups which are parallel, but not 
themselves colinear, there is a rotation of 56° between them It is argued that 
although this is not the geometry generally considered conducive for a topocheraical 
reaction, given that the mean distance separating the potentially reactive centres is 
well within the limits previously deduced to be necessary for such reactions, upon 
photoexcitation, there is sufficient overlap and interaction of the p*-orbitals of the 
double bonds involved in the reaction, for reaction to occur 

In the case of DBCP—and in contrast to BBCP—reaction yields an amorphous 
product This most likely results from the intrinsic rigidity of the rather large 
molecular framework, with the product dimer not being readily accommodated 
within the monomer lattice 

Other photo-induced phase transformations have been observed. For example, 
the solid-state photochemical behaviour of trans-stilbenes has long been of interest 
and m particular the fact that, in contrast to the cinnamic acids, when crystals of 
the parent material are irradiated with u v light cis-trans isomerization occurs 
without [2 + 2J cycloaddition of the exocyclic double bond When the dichloro 
derivative is irradiated, however, reaction ensues The p-methoxy derivative was 
studied because there was some possibility that the methoxy group might “steer”, see 
later, the structure into a reactive arrangement, and indeed irradiation, of single 
crystals resulted in significant changes in the infra-red pattern. 
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Further study, however, confirmed that no chemical reaction had occurred, but 
rather that a novel photomduced phase change had taken place with substantial 
changes in molecular conformation.^® p-Methoxy stilbene packs in the space- 
group Pbca, the asymmetric unit comprising half the molecule; the centre of 
the exocyclic double bond is located on a crystallographic centre of symmetry 
and the molecule is flat The view along the c-axis of the crystal structure is 
shown in Fig (da). Irradiation of a single crystal results in a change in space 
group, but significantly the single crystal character of the specimen is retained. 

The irradiated material packs in the space group 'Blyfii. Within the asymmetric 
unit the methyl carbon, as well as part of the phenyl group were refined at two 
different positions, each with a refined occupancy of 0.5. The carbon atoms of the 
phenyl group bonded to the two substituents (double bond and methoxy), the oxygen, 
and the double bond carbon refined to a single position Rotation around the 
single bonds linking the double bonds to the phenyl rings resulted in a structure 
which was no longer planar, Fig 6(6). 

The transformation has been suggested to take place through an excimeric inter¬ 
mediate Ordinarily the excimer may relax back to the ground state allowing the 



Ro tf (a) Crystal structure of p-methoxystilbene viewed along the c-axis (b) After irradiation 
of a single crystal the centre of the exocyclic double bond coincides with a crystallo¬ 
graphic centre of symmetry The phenyl rings adopt two positions within the crystal— 
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constituent monomers to revert to their original positions Because of the rather 
crowded nature of the packing m this case, however, It seems that this may not be 
possible and instead the ground state molecules take up new positions resulting m a 
new structure. It is notewothy that the whole process is however accommodated 
within the single crystal structure. 

2 Recent Trends and Developments in Crystal Engineering 

Crystal engineering, a concept^^ first introduced to organic solids by Schmidt in 
1971, still generates considerable interest and study. Ideally it may be considered 
as the deliberate modification of a molecule by, for example, the addition of specific 
functional groups, such that packing into a desired crystallographic array occurs. 
As a consequence, the solid state properties of the crystal, including solid-state reac- 
vity, may be controlled. Specific pair interactions which have been identified include. 
C == 0 Cl, C = 0 Ph and Cl Cl, and in general the identification of dominant 
interactions w'ithin a series of compounds requires a systematic study m which 
gradual changes m molecular structure are made 

One previously held view was that chloro-methyl interchange is possible 
Consideration of Table I reveals that the pClBBCP and pMeBBCP derivatives are 
isostructural, as indeed are the BpClBCP and BpMeBCP derivatives It was expect¬ 
ed therefore that both groups of compounds should be capable of forming solid solu¬ 
tions of varying composition, with isotonic changes in cell parameters and melting 
points Such was indeed the case 

interestingly, however, this strict chloro-methyl interchange does not exist for 
the compounds pClBpBrBCP and pMeBpBrBCP The principal differences in 
molecular structure may be appreciated from an examination of the structures 
projected along, approximately, the C(2)-C(6) bond, see Fig 7 The pMeBpBrBCP 
derivative, which is photoactive, has an essentially linear geometry whilst the stable 
modification of PClBpBrBCP consists of molecules with a substantially ‘bent’ 
geometry The nature of the interactions m these and similar crystals which gives 
rise to this rather pronounced change in geometry has been investigated using 
semi-empirical methods as well as more quantitative methods 

The idea of structural mimicry—whereby a molecule may be induced to adopt 
a new conformation different to the one it adopts in its own pure lattice—has been 
explored using these derivatives Theocharis et al have shown, see Fig 7, that when 
mixed crystals of pClBpBrBCP and pMeBpBrBCP are giown the conformation taken 
by the pClBpBrBCP derivative is very similar to that of pMeBpBrBCP, and that 
both components are able to react 

3. Morphology Control and the Determination of 
Absolute Configuration 

In the context of generating optically active product fiom a solid state reaction—see 
reference 23 for full details of the ways in which this may be achived—a key question 
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Fig 7 Molecular conformations viewed 
approximately along the C(2)-C(6) 
bond for (a) pMeBpBrBCP, (6) pCl- 
BpBrBCP and (c) mixed crystal of 
pMeBpBrBCP and pClBpBrBCP 
In the latter case the chloro-denva- 
tive adopts a very similar conforma¬ 
tion to that of the methyl-derivative 



<R>d <s>, 

S' an impurity similar to S 
In absence, = kj 

In presence, k^j >> kj 

Fig 8(<3) Amplification of subsequent] product 
chirahty as a result of feedback from 
addition of initial product The “inver¬ 
sion rule” relates to the fact that, as 
shown m the lower part of the figure, 
crystals of opposite handedness are 
produced A reactants and P = 
products (b) Spontaneous crystalliza¬ 
tion to give a < and < S' >1 

conglomerate, with the growth of 
< 5 >1 crystals being retarded a result 
of the presence of S impurity—see 
text 


IS whether significant activity may be obtained from a single crystal reaction In 
general it would be advantageous if the generation step which introduces asymmetry 
could be followed by an efficient feedback mechanism 
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Green and Heller®^ proposed a cyclic process, see Fig. 8, in which the products 
of the solid state reaction might, by incorpoiation into the melt or the solution, 
drive the crystallization step preferentially towards one of the two enantiomorphous 
phases. 

The proposal was tested using the reaction of bromine and 4, 4'-dimethyi- 
chalcone—a gas solid reaction which yields a slight excess of optically active 
product when a single crystal of the chalcone is used; see Fig. 9 It transpires, 
however, that in such an experiment the product obtained from a crystal of, say, right 
handed character repeatedly caused preferential crystallization of the reagent into a 
crystal of the left-handed form. The term “inversion rule” was coined to describe 
this effect.^® The explanation rests in the selective adsorption of small amounts of 
impurities at the growing sites of a specific face of a crystal,®® with this adsorption 
drastically reducing the relative growth of this particular face with respect to other 
faces of the same crystal Two consequences are forseen : firstly, a decrease m the 
overall growth rate. Fig and secondly, a pronounced change in crystal morpho¬ 
logy®® Lahav, Leiserowitz and their co-workers have now demonstrated that 
numerous examples of enhanced growth of selected configurations in the presence of 
impurities could be expected using this approach. When (R, S)-threonine is crystal¬ 
lised in the presence of various impurities (typically 900mg of threonine and lOOmg 



Fro 9 Schematic diagram of the bromination of crystals of dimethylchalcone (with crystallize# 
into the space group P2i2i2i) illustrating how either ( J ) or (—) dibromide may result from 
the reaction of a single crystal “ 



TRENDS AND PROSPECTS IN ORGANIC SOLID STATE CHEMISTRY 


373 


impurity), the event of the enantiomeric excess within the first crop of crystals is, 
in some cases, in excess of 95 per cent. Futhermore, in extending their work to 
ammo acids and related materials a particularly important aspect of this selective 
adsorption has been developed 

These observations may be viewed in a different way and the question asked as 
to whether it is possible, knowing the absolute configuration of the material produced 
in enantiomeric excess, to determine the absolute configuration of the additive 
molecule. The answer is a resounding yes, and several examples has now appeared 
which demonstrate this important extension 

Consider the case of a polar crystal. We may schematically represent the 
arrangement of the molecules within the crystal as shown in Fig 10. The unique 
axis of the crystal is parallel to the X-A molecular axis Impurity molecules of the 
type X-y will be accepted at ^ and but not at/g, or /j. The adsorption will 
then lead to retarded growth along one direction of the crystal and either an increase 
in area of the inhibited faces with respect to the unaffected ones, or to the develop¬ 
ment of new faces on the affected side of the crystal 

In principle it should be possible to determine on which of the polar faces the 
impurity has been adsorbed, and hence determine the absolute chirality of the 
crystal. This has been demonstrated, for example, for enantiomerically pure tr- 
cinnamoyl-(5)-alanine which crystallizes in the polar space group P2i. The principal 
question upon which the assignment of an absolute configuration rests is whether 
the —OH groups of the acid point along — 6 or -f b; once this is known the con¬ 
figuration is known This question of orientation may be answered if, by selective 
adsorption, the orientation of the particular functional groups within the polar 
crystal with respect to the crystal axis is determined 

Indeed this method is not limited to polar crystals, but has been applied to 
effect morphological changes in achiral crystals composed of, for example, racemic 
mixtures ® Whilst X-ray analysis will not distinguish between the enantiomeric 
crystal structures ( Ji a and (S)i, it establishes unambiguously the sites occupied by 
the R and S moieties with respect to the crystal axis in the centrosymmetric crystal 
If the structural information contained in the racemic crystal is transferred to a 
third chiral molecule interacting stereospecifically with the racemic system through 


rejected ^ 

X—Y 

acceptedi '4I 
f 

Z— 

accepted 



rejected 


X—Y 

accepted 


Fio 10 Rejection and acceptance of specific molecules at the different faces of a polar crystal— 
after Addadi e/ a/ * 
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Frail Schematic illustration of how chirial molecules may induce changes m the morophology 
of a centrosymmetric crystal, composed of a racemic mixture—after Addadi et al? 

a well-defined mechanism, then the absolute configuration of the resolved impurities 
may be obtained. Fig. 11 

The importance of this point can be best appreciated W'hen it is realised that 
until 1951, (when the utilization of the anomolous dispersion of X-rays by J M 
Bijvoet was first used) the assignment of an absolute configuration to a molecule 
was not possible- and to this date the method of anomolous dispersion remains m 
isolation 


4 Polymerization of Diacetylenes 

There is considerable interest in developing conjugated organic polymers which 
may be made conducting upon doping with various electron donor or acceptor 
compounds To date success has been achieved with systems of the type polyace¬ 
tylene, polyphenyl and polypyrrole.-* 

Diacetylene derivatives** represent an important group of mateiialswith interest¬ 
ing electrical properties They also represent an important class of materials for 
which the monomer phase acts as a three-dimensional template for the growth of 
polymer product This 1,4-addition reaction, where polymerization occurs in the 
solid state as a result of successive tilting of monomer molecules, allows the 
synthesis of fully conjugated essentially defect-free crystalline polymer of high 
molecular weight Large single crystals of conjugated polymer, as a result of 
topochemical polymerization, may result In general, however, the polydiacetylenes 
insulators and the conversion to conducting material has not been possible by 
normal doping methods Such is generally not the case for less well ordered samples 
e g multilayer samples, where iodine doping has resulted in conductivities approach¬ 
ing 10“® S/cm 

Recently, however, Nakamshi and his colleagues*'^ have attempted to prepare a 
doped monomer crystal such that the dopant is locked into the lattice during poly¬ 
merization, see Fig 12, and it is of interest in these systems to know where the 
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dopant IS located—both in the monomer and in the polymer This would allow a 
greater understanding of the nature of the dopant-organic inteiaction which govern 
the conductivity of the polymer 

Theocharis et alP have obtained structural data on a p-toluene-sulphonate 
•diacetylene derivative in which the dopant was AgC104 The tosyl derivative 
■was chosen for a variety of reasons, particularly that the incorporation of sufficient 
dopant does not result in a new polymorph or hinder the polymerization process 
It is also an advantage that the material—unlike many diacetylenes—is not readily 
polymerized by the X-ray beam. The unit cell of the doped and pure diacetylenes 
are veiy similar so that polymerization proceeds in the normal manner Fig. 13 
illustrates the molecular structure of the perchlorate doped p-TS The Ag+ is 
located—as expected—near an electron rich part of the sidechain 


5 Reactivity in Inclusion Compounds and Zeolite Matrices 

The photodecomposition of alkanones included within urea complexes has been 
studied by Casal et alP Urea, when crystallized in the hexagonal lattice, possesses 
long channels of approximately 5A diameter into which guest molecules are incor¬ 
porated. For 5-nonanone the possible reactions which may occur are shown in 
Fig. 14 In solution photodecomposition occurs principally via the Norrish Type II 
reaction, leading to 2-hexanone, propylene and two isomeric cyclobutanols, see 
scheme. The crystalline hexagonal urea complex gave, on the other hand, essentally 
only one cyclobutanol isomer—the cis The formation of the cis isomer may be 
rationalised in so far as formation of this product requires less stringent rotational 
requirements The generation of the cyclobutanol occurs without significant loss of 
integrity of the crystal lattice 



Doped DA Doped poly-DA 


Fig 12 Schematic illustration of two approaches to 
the production of conducting polymer 
crystals Path (A) involves polymerization 
in an atmosphere of dopant whilst path (B) 
requires the growth of monomer crystals 
containing dopant molecules For the case 
of {B) the dopant molecules should not modify 
the usual packing arrangement of the 
monomeric material after Nakanshi et 



Fro 13 Molecular structure of the 
hexadtynelene toluene-;i-sul- 
phonate (/iTS) The filled 
circles represent the position 
of the Ag^ component of the 
AgClOi dopant 
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Rto 14 Schematic illustration of the possible 
reactions—via the Nornsh Type II 
reaction—of 5-nonanone—after Casal 
et al ** 


i 

0 

H—CM,—^ 
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Fio 15 Possible photolysis steps for di- 
benzylketone (DBK) and />-methyl- 
dibenzylketone {R = CHs). 


1 

Diaryl ethane 



Ketone isomers 
(o-l, p-l, p.p’-B2) 

CHj 

o 

0 

e—^^CH, 


When dibenzylketones are adsorbed on to zeolitic materials’’ the products which 
are obtained upon photolysis are very sensitive to both zeolite structure and to 
the presence of adsorbed additives, such as water, benzene, cyclohexane and hexane 
For example in the case of dibenzylketone (DBK) and its p-methyl derivative 
(pMeDBK) the possible photolysis steps are shown in Fig. 15, In zeolite Na-A, 
where the entrance pores are too small (ca 4A) to allow entry of DBK or 
pMeDBK into the cavities, the products of photolysis are completely analogous to 
those from reaction m a homogeneous solution In thoroughly dehydrated Na-X 
or -Y, however, where the pore openings are ca 8 A m diameter the yields of DPE* 
are 60 and 85 per cent, respectively for pMeDBK the corresponding values are 18 
and 19 per cent When exposed to benzene vapour the yield of DPE is only 37 per 
cent for Na-Y, with isomers of DBK becoming the major products When water 
is added to Na-Y only traces of isomers were observed 

It appears that the additives shroud the walls of the zeolite, thus presenting 
a rather more confined volume in which decomposiiion may take place. Fig 16 
The restricted motion then leads to an increased cage effect, with enhanced recom¬ 
bination of the generated radicals 


*Diphenyiethane 
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(a) Rapid diffusion 
and rotation 


(b) Diffusion and 
rotation ara 
inhibited 



(c) Rapid diffusion 


Fig 16 Schematic illustration of the influence of secondary guest molecules upon the reaction 
of primary radical pairs Without additives (case (a)) there is rapid diffusion and rota¬ 
tion of the radicals When an organic reagent is present (case (b)) it is postulated that 
both diffusion and rotation are inhibited, whilst in case (c) water modifies the rotation 
but not the diffusion of the radicals—after Turro et al’' 


Adsorption of molecules onto other types of surfaces has also been investigated 
with a view to modifying reactivity. Thus photocatalysed olefin cis-trans isomeri¬ 
zation has been observed for substituted styrenes^® when exposed to the semi¬ 
conducting material CdS and subsequently excited by light of wavelength shorter 
than Its band gap of 2.4eV, approximately 520nm A possible mechanism for the 
reaction is that electron transfer from the olefin to the phologenerated ‘hole’ in the 
semiconductor occurs, with the generation of a radical-cation When dianthracene 
is adsorbed, the CdS serves as a heterogeneous photocatalyst for monomerization 
When the dimer is irradiated m methylene chloride with light of wavelength greater 
than 450nm no monomerization takes place In the presence of CdS anthracene 
results in high yield 
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Organic solid state chemistry is a field which lies at the crossroads of solid 
state science, organic chemistry, structural chemistry and X-ray crystallo¬ 
graphy. In general, it is concerned with the ways m which organic molecules 
pack in crystals Reactions which are controlled by the manner of packing are 
termed topochemical and some recent extensions to the topochemical prmci- 
ples are discussed In order to systematise the subject, however, a predictive 
control over structure is required and this leads to the concept of crystal 
engineering which has been illustrated by the importance of secondary mole¬ 
cular motifs. A better ability in manipulating crystal structures implies that 
more reliable values for non-bonded atom potentials are becoming available. 

This information can in turn be employed to carry out crystallography with 
packing or real-space considerations It is clear that there are several applica¬ 
tions of crystal dissymmetry to academic and practical questions. The chira¬ 
lity of a crystal stiucture may be exploited in asymmetric synthesis, determi¬ 
nation of absolute configuration and in the choice of materials for non-linear 
optics. Organic solid state chemistry is also related to the design of organic 
metals and a clear understanding of packing can only result in more delibe¬ 
rate searches for new molecular conductors and superconductors 

Key Words : Organic Solid State; Topochemistry; Crjstal Engineering; Real- 
Space Crystallography, Organic Metals 

Introduction 

The twentyfirst and final chapter of a recent monograph^ on solid state chemistry 
begins thus: “This book could not be concluded without at least some mention of 
organic materials Usually the fact that many organic substances are solids at room 
temperature has little bearing on their chemistry ’’ Notwithstanding the apologetic 
tone of this quotation and the empirical origins of organic solid state chemistry 
(OSSC), the present article will attempt to show that progress in the last few years 
has hinted at exciting possibilities for this latest addition to the discipline of solid 
state chemistry 

Research in OSSC today has important implications in diverse areas of chemi¬ 
cal research Using the principles of OSSC, one may for instance monitor organic 
reactivity at the molecular level, answer stereochemical questions of a fundamental 
nature, carry out novel organic transformations and study various ways in which 
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organic molecules organise themselves, be they in a crystalline solid, a nematic 
mesophase, a polymer, a film or a micelle. Impetus to research in OSSC also stems 
from the fact that such work may lead to the development of molecular materials 
which are important for electronics and communications applications Chemical 
memory devices, organic conductors and frequency doublers are not yet 
commercial products while a high temperature organic superconductor may remain 
a dream for some time to come But all these represent worthwhile goals to strive 
towards since a substantial amount of new chemistry and an improved understand¬ 
ing of structural principles is bound to emerge in such a quest. 

At the very outset one must be aware that there are notable differences in the 
methods employed in the practice of OSSC when compared to the solid state chemis¬ 
try of non-molecular materials The physical and chemical properties of organic 
substances are such that the standard techniques of preparation and characterisation 
of inorgamc materials may be of only marginal utility Spectroscopy, m the bulk 
and on surfaces, and microscopy, both optical and electron, are vital tools of 
modern solid state chemistry. These techmques have, however, not been generally 
adapted to OSSC. In many cases, even suitable methods of purification have not 
been standardised The traditional token of purity for solution orgamc chemists,, 
that is ± 0 3 per cent variation from the calculated C, H and N elemental analyses, 
IS clearly inappropriate in many solid state studies' 

Since OSSC is still in the descriptive phase with occasional forays into the 
realms of correlation and prediction, X-ray crystallography occupies a central 
position in this subject. It is the most common way of determining molecular and,, 
more importantly, crystal structures of orgamc molecular solids Many categories 
of organic solid state reactions are governed by the crystal structure of the reactant 
and determining the structure of this reactant assembly of molecules is a sine qua 
non to rationalising solid state reaction mechanisms or to acquiring a body of 
information that is representative enough to make considered structural predictions. 
X-ray crystallography will therefore continue to remain very important to OSSC 
and this situation is unlikely to change m the near future as there is yet no defini¬ 
tive answer to the question “Can one reliably predict the crystal structure of an 
organic solid‘s” 

The issue of structure is a principal one in OSSC, as indeed it is in all branches 
of solid state chemistry.^ Generally, an understanding of structural concepts may be 
utilised in two distinct ways to carry out novel chemical reactions and to devise 
new materials with specific physical properties, be they optical, electronic or mecha¬ 
nical In this article, some significant recent developments in OSSC and some poten¬ 
tially important prospects for the future are highlighted Almost all these areas are 
concerned with obtaining, understanding or exploiting the crystal structure of an 
organic compound 

ToPOCHEMISTRV AND THE PREDICTION OF SOLID STaTE REACTIVITY 

The work of Gerhardt Schmidt and his co-workers is of such seminal importance 
to OSSC that, more than twenty years after its publication®’*’® it still remains the 
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inevitable starting point for reviews in the field Though early work on the 
photodimensation of crystalline olefins to give cyclobutanes had been reported,’^®-^* 
Schmidt was the first to be able to correlate a large number of seemingly unrelated 
chemical and crystallographic facts and in doing so to lay the foundations of 
OSSC- 

Schmidt found that for many photodimerisable olefins, the molecular packing 
plays a crucial role m determining the course and outcome of the solid state reac¬ 
tion. These reactions are termed tope chemical'® since they are considered to occur 
with a minimum of atomic or molecular movement Since any molecular diffusion 
of the conventional type is precluded m the solid state, such topochemical reactions 
have also been termed ‘diffusionless’ In a topochemical situation, reaction only 
takes place if the geometry of the molecules in the reactant crystal permits it 
Conversely, no reaction occurs if the geometry of the adjacent molecules in the 
crystal is inappropriate As a corollary, the topochemical principle, as stated above, 
also implies that the structure of a product of such a reaction bears a close 
relationship to the crystal structure of the reactant Because of this fact, there are 
a very small number of products in the typical topochemical reaction. 

These features were illustrated by Schmidt with reference to the rram-cmnamic 
acids These compounds crystallise in one or more of three structural types a, ^ and 
Y While the a-acids have short crystallographic axes greater than 5 lA, the p- 
acids are characterised by short axes of ca 4 OA Fig 1 shows that in both these 
cases, ‘potentially reactive’ double bonds are parallel and approximately 4 OA apart 
when measured from bond centre-to-centre In the case of the y-acids, however, 
the short axes are around 4 7 A with the result that nearest parallel double bonds 
are at this increased separation These crystallographic observations when coupled 


4.0I02Z >46i 



Fro 1 Photoactive (a , p) photostable (y) forms of t/a/ii-cinnamic acid 
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With the photoreactivity of the a-and p-forms and with the photostabihty of 
the Y-form lead to a formulation of the topochemical rules for the 2 2 photo- 

dimerisation of olefins — 

(1) The solid state reaction only occurs if the double bonds are closer than 
some ‘threshold’ separation which lies between 4 0 and 4 7A (Schmidt used a value 
of 4 2A for this cut-off). 

(2) The crystal symmetry of the reactant transforms as the molecular sym¬ 
metry of the product. 

Several examples of solid state photodimerisation reactions which obey these 
rules have been described While Schmidt extended the topochemical argument to 
aliphatic unsaturated acid derivatives,®* and to quinones,** Thomas and co-workers 
have found that in the 2-benzyl-5-benzylidenecyclopentanone (BBCP) class of com¬ 
pounds, solid state dimensation is not only topochemical but also topotactic with 
‘potentially reactive’ double bonds being related by a centre of inversion in the 
reactant crystal.The solid state photodimerisation of 3-methyl-4 nitro-5- 
styrylisoxazole,*’ thymine*® and a-benzylidene-y-butyrolactone**’®® have all been 
found to be topochemical as defined above (Fig 2). 

However, other solid state photodimerisations have been described where the 
reacting double bonds are non-parallel. A notable case is 2,5-dibenzylidenecyclo- 
pentanone where the angle between the two reacting bonds is nearly 56° Another 
definitive example IS 1, 4-dicmnamoylbenzene which photodimerises to give an im- 
usual S-truxinic product Again there are cases such as 2-benzylidene-cyclo- 
pentanone where even though parallel double bonds are aligned at less than 4 2A 
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separation, no solid state photoreaction occurs on irradiation*® while in the photo- 
reactive 4-formylcinnamic acid, a 100 per cent yield of topochemical dimer is obtain¬ 
ed even though the reacting double bonds have their centres greater than 4 8A 
apart in the crystal.** 

In general, it is chemically unreasonable to expect a 100 per cent correlation 
between the disposition of point atoms m the solid state and the reactivity which is 
predominantly an electronic phenomenon. Indeed, it is probably the almost hypno¬ 
tic fascination for the topochemical rules as formulated by Schmidt (parallel double 
bonds, distance less than 4.2A) which, if anything, has led to many of these reac¬ 
tions being considered ‘unusual’ or ‘anomalous’ As early as 1978, it was pointed out 
that arbitrary geometric criteria could not be used to predict solid state photoreacti- 
vity More recently, it has been shown that many of these supposedly anomalous 
situations may be better understood if orbital overlap rather than double bond 
centre-to-centre separation is considered *®’*® Such an analysis explains the prefe¬ 
rence for the intermolecular over the intramolecular reaction m l,r-tiimethy- 
lenel^/sthymine*^ and for the formation of the 7-methoxycoumarin dimer m the solid 
state.* A simple geometrical argument will show that consideration of both centre- 
to-centre and plane-to-plane separation of the potentially reactive double bonds is 
necessary to determine the extent of orbital overlap Cases like 2-benzyhdenecyclo- 
pentanone and 4-formylcinnamic acid illustrate the pitfalls of using the centre-to- 
centre separation alone 

There are yet other situations where a topochemically expected photoproduct 
IS not obtained even though the orbital overlap is favourable One such case is the 
1 . 1 Donor-Acceptor complex between 3,4-dimethoxy- and 2,4-dimtrocinnamic 
acids Here, energy transfer from the rere* excited state to an rm* state is facile with 
efficient intramolecular quenching preventing chemical reaction **’*® 

In summary, a classification of these various categories of topochemical processes 
IS attempted in Table I In ^ and B, topochemical and orbital overlap predictions are 
borne out while in C, non-parallel double bonds are considered In D, however, the 
reaction is formally non-topochemical Early work*® seemed to suggest that such a 
reaction takes place through defect-controlled energy transfer, but the discovery of 
metastable phases in anthracene*^ has cast new light on this problem and the possi¬ 
bility of a topochemical reaction proceeding through polymorphs cannot be ruled 
out A type E process is a seeming violation of the topochemical rules but the 
anomalies are because of intramolecular energy transfer These five situations des¬ 
cribe all possible combinations of topochemical allowedness or non-allowedness 
and the presence or lack of solid state reactivity. 

Although much work has been carried out on the prediction of topochemical 
reactivity from geometrical criteria, not much progress has been made in attempting 
to chart the course of an organic solid state reaction once it has been initiated 
The concept of local packing densities has been used to estimate most probable 
directions for molecular movement during a solid state nucleophilic substitution** 
Crystallographic studies have been carried out on partially reacted photodimerisable 
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crystals in the benzylbenzylidenecyclopentanone family of compounds/’’*® Such 
studies were possible since the crystallographic unit cells of the reactant and product 
are virtually identical (Fig 3) These X-ray measurements reveal the positions of 
unreacted and reacted molecules and, by implication, the direction of movement of 
molecules towards the transition state for this ‘ditfusionless’ reaction. Theoretical 
modelling of such transformations should become feasible with the appearance of 
better and faster computers, and such reactions are possibly easier to handle 
computationally than their solution counterparts The next several years will pro¬ 
bably see an increased emphasis on the ‘dynamics’ rather than the ‘statics’ of an 
organic solid state reaction. 

Novel Reactions—Organic Synthesis 

Although the major application of OSSC is not in the area of organic synthesis, 
the topochemical principle may be exploited in sequences towards compounds with 
unusual structures and/or high molecular symmetry There are several examples 
where a novel product is obtained m a high yield in a solid state process even 
though it occurs m reduced yield or not at all in the corresponding solution trans¬ 
formation An ingenious example is the eight-centre dimerisation of tetrachloro- 
dibenzylidene acetone to yield a novel tricyclic cyclohexanedione framework." A 



Fig 3 Positions of the monomer (O) and dimer (#) molecules during photoirradiation of mixed 
crystals of the BBCP’s 1 and 2 as determined by in-situ X-ray difFractometry on partially 
reacted single crystals Notice the formation of the cyclobutane ring and the puckering of 
the tw 0 cyclopentanone residues as the reaction progresses The atomic positions of the 
Cl-benzyl and Me-benzyl rings do not change appreciably during the reaction This ‘anchor¬ 
ing’ effect IS, in large measure, responsible for the single crystal single-crystal nature of the 
reaction (From Theocharis et al 1984) 
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very real problem with using topochemical reactions in organic synthesis is however, 
the lack of generality Much attention m OSSC has been paid to a single reaction, 
the 2 + 2 photodimensation of olefins and not much is known about reactions 
between two different substances m the solid state, be they photochemical or ther¬ 
mal An unusual case of a solid state intermolecular Diels-Alder reaction has 
been reported.®^ Many solid state intramolecular processes have been described 
These include photochemical isomerisation®® and H-atom abstraction lathe 
latter category, the solid state and solution products are generally different in spite 
of the reaction being intramolecular and several mechanistic insights have been 
obtained. 

The polymerisation of diacetylene derivatives®®’®’' is an unprecedented solid 
state transformation where single crystals of monomer are converted to single crys¬ 
tals of polymer in quantitative yields. Since there are not many methods of making 
such perfectly oriented macromolecules, polydi acetylene chemistry has been the 
subject of extensive investigation The commercial importance of these materials is 
obvious With their highly extended conjugated framework, ease of oxidation, mole¬ 
cular linearity and considerably dichroic character, these substances are potentially 
very significant for optical and electronic applications. The study of polydiacetylenes 
doped or otherwise, continues to be one of the more attractive areas of OSSC 
where collaborative studies between chemists and physicists hold out opportunities 
for significant breakthroughs 

Another elegant synthetic strategy in OSSC is to use the dissymmetry inherent 
m a non-centrosymmetnc crystal structure to generate molecular optical activity 
through topochemical reactions Such reactions were first demonstrated for diaryl- 
butadiene derivatives®® and are illustrated in Fig 4 A compelling reason for inte¬ 
rest in such reactions stems from the fact that crystal lattice controlled asymmetric 
syntheses might well have been involved in the generation of or, at least, in the 
amplification of optical activity in prebiotic conditions on the earth ®® Using these 
principles, it has been possible to devise a route for an absolute asymmetric synthe¬ 
sis with close to quantitative enantiomeric yield,®® while a conceptual route towards 
pseudo mirror-syinmetncal chiral cyclobutanes has been outlined through the device 
of optimising donor-acceptor interactions in a molecular complex ‘®® 


Ar 



Ph 


Ar 



Th 


oiXGd-crystat 


hu 


solid 

state 



Fig 4 Asymmetnc synthesis employing crystal chirality The mixed crystals of the phenyl (Ph) 
and thienyl (Th) compounds belong to the non-centrosymmetnc space group P2i2i2i 
(after Elgavi et al 1971) 
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While It has been recognised that novel organic transformations may be carried 
out in the mterlamellar regions of inorganic layered structures such a montmorib 
Ionite clay,®* the principles underlying such reactions may be transplanted into the 
realm of asymmetric synthesis by clathration or enclosure of a potential substrate 
as a guest material in a chiral host In this context, a well-studied host material is 
tri-or/Ao-thymotide, TOT, space group P3i, which shows effective enantiomeric dis¬ 
crimination A recent report®^ deals with the oxidation of a prochiral olefin (guest) 
in the TOT cavity, to yield chiral peroxides in good enantiomeric excesses Another 
very effective class of chiral encapsulating materials are the cyclodextrms For 
example, a-cyclodextrin and crotonic acid, CH3-CH = CH-CO2H, from a complex 
which can be chlorinated in the solid state to yield dichlorobutyric acid, CHj-CHCl- 
CHCI-CO2H in quantitative enantiomeric yield 


Crystal Engineering and Intbrmolecular Interactions 

Although much structural and chemical data have been correlated on the basis of 
topochemistry, it was realised^^’* that sustained development of OSSC could not be 
expected unless it was somehow possible to predict crystal structures The emphasis 
has been shifting inevitably from the reactions and crystallographic details to predic¬ 
tive exercises These have proved to be more diflBlcult because an orgamc crystal 
structure is the consequence of a balance of many minor and subtle intermolecular 
forces In broad terms, a crystal structure of a molecular solid results from a play of 
dispersive and repulsive interactions**’*® and most structures can be somehow paint¬ 
ed on this conceptual canvas However, many alternative structures are seemingly 
possible within this framework and actually realised in practice as polymorphic 
modifications The ultimate choice of a stable molecular packing seems to depend 
on the relative importance of secondary effects such as coulombic and dipole 
interactions or weak bonding These effects all but render transferability of atomic 
non-bonded potentials impossible m any predictive effort and further they may vary 
drastically with molecular modifications that are apparently trivial from the solu¬ 
tion viewpoint Realising such facts, it has been the usual practice to study 
(crystallographically) a series of closely-related compounds so that a common struc¬ 
tural principle may be made to emerge Such activity has been termed crystal 
engineering 

Crystal engineering is concerned with obtaining topochemical control in syste¬ 
matic ways and with predicting and exploiting crystallisation patterns in organic 
solids io.66.67>i5 By suitable engineering of a family of structures, very specific reac¬ 
tion pathways and products may be obtained repeatedly and reproducibly The 
strategy, therefore, involves the choice of molecules according to their shape, size 
and stereochemistry and then inducing them to crystallise into certain pre-designated 
crystallographic arrangements The key to crystal engineering lies m being able to 
understand the nature of delicate yet non-tnvial intermolecular forces 

One of the consequences of Kitaigorodskirs model for the crystal structures 
of orgamc compounds is that close-packing is of paramount importance and that 
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molecules pack m ways such that the ‘voids’ of one are locked into the ‘protrusions’ 
of the other Volume and shape considerations hold sway rather than electronic 
factors Each non-polar substituent of a certain volume can be exchanged for ano¬ 
ther non-polar group of a similar shape and volume without a change in the crystal 
structure. Chloro-methyl interchange (volumes Cl, 19A®, CHg, 24A*) is, in fact, well 
known and a pair of compounds like 1 and 2 is isostructural. As it turns out, each 
of the individual compounds is photoactive in the solid state and the mixed crystals 
also react to form pseudoinversion-symmetry cyclobutanes (Fig. 5). 

However, volume effects may be used to force the conformations and crystal 
structures of such compounds into variations. The mam difference between the 
photoactive 3 and the photostable 4 lies in the molecular conformations (Fig. 5). 
Yet these two compounds will form mixed crystals, isostructural to 3, primarily as a 
result of forced changes imposed upon the molecular geometry of the minor compo¬ 
nent 4 by the major component 3 In the mixed crystals, the photostable chloro 
derivative 4 is forced to adopt the molecular conformation, crystal structure and 
solid state reactivity of the photoactive methyl derivative 3.^^’*® 

When the crystal structure is defined as a result of optiimsation of dispersive 
and repulsive forces only, such volume effects are likely to be important The appear¬ 
ance of secondary interactions, however, leads to violations of one type or another 
from the close-packing principle It is hardly surprising that the crystal structures 
of strongly hydrogen bonded compounds depends mostly on the H-bonding require¬ 
ments. The simplest compounds may adopt the most complex of crystal structures, 
as for example, hydroqumone (1,4-dihydroxybenzene) or trimesic acid (benzene- 
1,3,5-tricarboxylic acid) What is noteworthy, however, is the fact that even 


1 X = CH 3 Y = H 



Fig 5 The molecular conformations of the methyl and chloro derivatives 3 and 4 respectively are 
different as are the crystal structures and solid state reactivity (Ar = p —Br—C 6 H 4 —) 
(adapted from Jones et al 1983) 
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Telatively weak intermolecular forces such as C-H O, Cl Cl, C Cl, C-H Ni or 
■S S may cause deviations from 3-dimensional closepackmg. Still, these forces are 
quite weak and there is a substantial dependence on van der Waals interactions 
which means that such structures may be understood as gradual perturbations from 
the Kitaigorodskii model Substitution of two or more chloro groups on aromatic 
rings, for instance, leads to preferential adoption of unit cells having a short axis 
ca 4A which is characteristic of a structure made up of highly overlapped mole¬ 
cules stacked with a plane-to-plane separation of around 3 4A (van der Waals 
separation). At least a hundred such chloro compounds are known.^*’®® 

A common feature m the crystal structures of these planar chloro aromatics is 
the occurrence of a large number of Cl Cl non-bonded contacts is the 3 2 to 3 6A 
region. These contacts are generally along directions which are parallel to or close 
to the planes of the aromatic rings, so that molecules which are related by them 
can be arranged in planar sheet or ribbons. In order then that C C contacts can 
be optimised, these sheets can be stacked with an mter-sheet perpendicular distance 
of 3 4A as mentioned above This kind of structure is illustrated by a compound 
such as hexachlorobenzene (Fig 6) Such secondary interactions may also be 
possible within the framework of stronger forces such as 0-H O H-bonding and a 
recent analysis of the crystal structures of the dichlorophenols is a representative 
example.’^ 

These directional preferences for Cl Cl interactions have been confirmed m 
the co-crystallisation of compounds such as 6-chloro-3,4-methylenedioxy cinnamic 
acid and 2,4-dichlorocinnamic acid as a stoichiometric molecular complex.*®’®* 
While specific in-plane Cl Cl interactions lead to sheet-ordering, the lack of such 
intermolecular specificity between parallel adjacent molecular sheets leads to a 
structure which is disorded in the stack direction It may be shown that such con¬ 
cepts may also be extended to C-H O interactions and that there is a significant 
tendency to adopt sheet-based 4A structures among compounds which can optimise 
a large number of such bonds *’’’“ 

A substantial amount of crystallographic information is necessary before reli¬ 
able structural predictions may be made and it may not always be possible to carry 
out such a large number of structure determinations for practical reasons A very 



Pig 6 Stereodrawmg of the crystal structure of hexachloro-benzene to show molecular nbbons 
linked by Cl Cl interactions (after Sarma and Desiraju, 1985) 




390 


GAUTAM R DESIRAJU 


recent alternative strategy has been to retrieve the desired structural information 
from the Cambridge crystallographic database Since organic structures hinge 
on the manifestation of relatively weak interactions, a valuable insight into the- 
consequences of these interactions, if not their nature, may be obtained by examin¬ 
ing an entire family of structures with the database Several such pioneering studies 
have appeared in recent years Such studies indicate that certain types of mter- 
molecular inteiactions are associated with only certain geometrical arrangements of 
patterns or motifs Hence, approaches through the database may be more fruitful, 
in this context, than attempting to grapple computationally with weak intermole- 
cular forces 

This section would be incomplete without reference to studies concerning crys¬ 
tal engineering into non-centrosymmetnc (NC) space groups Notwithstanding 
possible applications in synthesis as outlined earlier, there is considerable interest 
in obtaining single crystals of organic compounds, which lack a symmetry centre 
since such crystals would show a non-linear second harmonic generation (SHG) 
effect upon suitable irradiation Such molecular materials may be used in the up- 
conversion in the visible or near UV of powerful IR laser radiation, frequency 
modulation of a laser beam and for oscillation and amplification in solid state IR- 
tunable coherent devices. Although early applications have used inorganic materials, 
like quartz, it has been realised that organic compounds have SHG efficiencies that 
are greater by several orders of magnitude A trivial means of ensuring crystal¬ 
lisation in a NC space group is to use a resolved material but such substances are, 
in general, neither very common nor need they always exhibit good SHG effects. 



160 

Fio 7 Some organic compounds which show sizable Second Harmonic Generation on laser irra¬ 
diation SHG efficiencies are given relative to urea Asymmetric carbon atoms are 
marked with an asterisk Note that only some of these compounds exhibit solution optical 
activity. 
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-since non-centrosymmetry is a necessary but not a sufficient condition for appreci¬ 
able SHG On the other hand, organic compounds which may be electronically 
suitable for this purpose such as dyes and conjugated polymers rarely adopt NC 
space groups Therefore, finding a material for SHG application has been largely a 
■‘hit-and-miss’ affair It is still unknown why some optically inactive molecules re¬ 
solve spontaneously and pack in enantiomorphous (and therefore, by necessity, 
NC) space groups. Correlations between molecular structure and the tendency to 
adopt NC packing are sparse and empirical For instance, it is reported that, for 
disubstituted benzenes, the meto isomers may have a statistically greater tendency 
for NC space group adoption than the ortho and para derivatives The structures 
of some organic compounds which show large SHG effects are given in Fig. 7. It 
may be noted that many of them cannot show solution optical activity. 

The Absolute Configuration of Chiral Molecules 

As described above, non-centrosymmetnc crystal structures are often packed with 
enantiomeric molecules While chemists have recognised the existence of such molecu¬ 
les ever since Pasteur’s experiments on hemihedrism in sodium ammonium tartrate m 
1848, the philosophical question of how to determine absolute configuration remain¬ 
ed unanswered for more than a century til], in 1951, J.M. Bijvoet showed that for 
a noncentrosymmetnc crystal, an X-ray diffraction pattern could be obtained where 
violations of Fnedel’s Law {hu ^ Ihiil) could be observed Using this anomalous 
dispersion of X-rays, the assignment of absolute configuration was possible 

In recent years, there have been two sets of experiments by orgamc sohd state 
chemists to determine absolute configuration without using the Bijvoet method. The 
fundamental concept recognised in both experiments®^’®^ is that any method which 
fixes the orientation of any functional group of the chiral molecule with respect to 
the crystallographic axes establishes the absolute configuration of the molecule 
These arguments rest on the existence of the polar axis in crystals of chiral mole¬ 
cules All such molecules must crystallise in enantiomorphous space groups and 
these have associated with them one or more polar directions The polar axis is, 
therefore, a uniquely solid state phenomenon and at a molecular level, its structural 
implications are that when one views a crystal from the opposite ends of such an 
axis, chemically distinct parts of the molecules are revealed ®’^ In the method of Cur¬ 
tin and Paul, a crystal is chosen which exhibits different solid state reactivity at 
different ends of the polar direction Gas-solid reactions are convenient for this 
purpose ®^ These reactivity differences may be monitored through some physical or 
spectroscopic technique and the direction of a particular functional group is there¬ 
fore known From the necessarily chiral morphology of the polar crystal, the sense 
of the polar axis is also known A combination of these two facts leads directly to 
the absolute configuration of the crystalline chiral molecule 

The alternative approach is to monitor changes in the morphology of crystals 
of pure enantiomer upon the addition of carefully selected impurities Since crystal 
morphology depends on the directions of weak mtermolecular forces, the presence 
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of a small amount of an impurity may result in selective absorption on certain faces- 
only, thereby inhibiting further growth on these faces and so effecting gross morpho¬ 
logy changes Since different functional groups emerge at opposite ends of the polar 
direction, it is possible to design impurities that will be adsorbed selectively at one 
end only Observation of the resulting morphology changes establishes a method of 
fixing the orientation of a certain functional group with respect to the polar axis 
and therefore of fixing the absolute configuration 

Packing Calculations and Real Space Crystallography 

There are several situations m OSSC where X-ray crystallography is neither possible- 
nor completely reliable For compounds that are insoluble, unstable, non-volatile or 
of high molecular weight, obtaining single crystals may in itself be a formidable pro¬ 
blem while any attempt at crystal engineering leaves the rhetorical question as to 
whether polymorphism is important or not in the system under consideration. 
Finally there are those cases, albeit small m number, where the solution of the 
phase problem is either ambiguous or intractable with conventional vector space 
of reciprocal space methods 

In the Kitaigorodskii model, the molecular arrangement in the crystal is based 
on the mtermolecular potential being expressed as a sum of non-bonded atom-atom 
interactions These component interactions are a function of non-bonded distance 
and a set of, ideally, universal constants which are referred to as the atom-atom 
potentials for a given atom type pair Therefore, by applying the argument in re¬ 
verse, crystal packings may be derived with the use of such potentials The results 
of such calculations are usually quite reliable if only dispersive and repulsive inter¬ 
actions are important in crystal stabilisation For hydrocarbons this is indeed the 
case and much work has therefore dealt with this category of compounds The 
classical case of biphenyl has been studied®® and it was found that the planar con¬ 
formation and the stretching of the central bond characteristic of the solid state 
structure could be modelled accurately Calculations on the crystal packing of p, 
p'-bitolyl also give values of the torsion angle within l°of the experimental value 
of ca 35° Such packing calculations have also been used to describe the orienta¬ 
tion of guest impurities in a host matrix®® and to explain the phenomenon of chiral 
turnover in hexahelicene crystals through a mechanism of cellular twinning 

A natural extension of such techniques of minimisation of non-bonded inter- 
molecular interactions is in the solution of the phase problem, that is in the deter¬ 
mination of unknown ciystal structures For reasons indicated above, the crystal 
structures of hydrocarbons may be solved with the greatest ease A typical example 
IS the case of the bridged annulene in Fig 8 It was found that while the crystal 
symmetry permitted only six molecular orientations, five of these w'ere prohibited 
on the grounds of packing energy The final orientation gave the correct structure 
Another well-known example concerns the combined use of packing calculations 
and electron microscopy to determine the structure of a metastable phase of anth¬ 
racene''^ This polymorph could not be studied by X-ray crystallography The 
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Fig 8 


importance of this structure in the reconsideration of a defect-controlled mecha¬ 
nism for the ‘non-topochemical’ photodimensation of anthracene derivatives has 
been alluded to earlier in this article 

It has been shown that compounds containing polar functional groups are 
more complicated to analyse because of the more dominant Coulombic terms in the 
potential and poorer heteroatom non-bonding potential parameters Topochemi- 
cal arguments have been used as an alternative to an accurate knowledge of poten¬ 
tials for the oxgyen atom in the C-H O bond m the crystal structure determina¬ 
tion of the photoactive a-benzylidene-y-butyrolactone shown in Fig. 2 This 
IS a rare case of a fairly small molecule whose crystal structure solution proved to 
be unusually resistant to Direct Methods Since the material undergoes, what was 
assumed to be topochemical, photodimerisation m the solid state, the starting point 
in the structure analysis was not the monomer lactone but an incipient dimer pair, 
the centroid of which was constrained to he at the origin of the centrosymmetric 
space group (Fig 9) This topochemically derived starting point greatly simplified 
the packing analysis The optimisation of two features {a) the plane-to-plane 
interactions within the incipient dimer and {b) the orientation of the incipient dimer 
with respect to the cell axes allowed the structure to lock into the global minimum, 
in other words into the correct structure 

The appearance now of faster and more powerful computers will mean that 
non-hydrocarbon crystal structures can probably be handled with increasing confi¬ 
dence The use of even minimal auxiliary chemical or crystallographic information 
(unit cell parameters, topochcmistry) greatly enhances the power and extends the 
scope of these energy minimising search programs with the result that crystal struc¬ 
tures or, in the most general sense, structures of any molecular assembly may be 
reliably and accurately predicted in increasing numbers 

Organic Metals 

The discovery of metallic conduction in the molecular solid tetiathiafulvalene- 
tetracyanoquinodimethane, TTF-TCNQ (Fig 10) more than a decade ago**- launched 
•one of the most highly publicised areas of collaborative research between physicists 
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Fig 9 Some starting positions for the incipient dimer Fro 10 

configuration in the crystal structure determi¬ 
nation of a-benzylidene-Y-butyrolactone The 
configuration in the centre led to the correct 
structure ultimately 

and chemists It was realised that the molecular framework of organic 
compounds offerred considerable scope for subtle and effective variation of struc¬ 
tural and electronic properties Therefore, there has been much activity geared 
towards the discovery of new conducting molecular solids Such activities have 
involved, for the most part, novel chalcogen heterocycles and have resulted inciden¬ 
tally in a large body of interesting synthetic, electrochemical and crystallographic 
data This field has been extensively reviewed®*-®® and the accent here will be to 
show that the gaps in the aiea are such that they may be bridged with methods that 
have been developed in OSSC Although the synthetic and theoietical efforts have 
been novel and varied, the structural uncertainties m persuading organic molecules 
to crystallise in preordained ways seems to have rendered the search for new orga¬ 
nic metals a frustrating task.®® 

TTF-TCNQ is a donor-acceptor (DA) complex and there are generally two 
wavs of stacking D and A molecules in crystals: (a) mixed stacks in which D and 
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Fio 11 Mixed and segregated stacks for Donor-Acceptor complexes Peierls distortion of a 
segregated stack. 


A molecules alternate and (b) segregated stacks in which the molecules from separat¬ 
ed D stacks and A stacks (Fig 11). The potential ability of these two types of 
stacks to conduct electricity is quite diiferent. The outstanding characteristic of the 
highly conducting TTF-TCNQ and related materials is the formation of segregated 
stacks of donor and acceptor molecules. This seemingly unlikely organisation of all 
the negatively changed ions into one set of stacks and the positively charged ions 
into another set is generally agreed to be an essential prerequisite for high conducti¬ 
vity in DA complexes It is therefore extremely critical to know why compounds 
like TCNQ and TTF form segregated stacks while TCNQ, and other donors like, 
say anthracene form mixed stack complexes Yet, the application of clearly appro¬ 
priate techniques such as crystal engmeenng and packing calculations to predicting 
structural trends for DA complexes is a science still in its infancy This gap in our 
present understanding of organic metals could well be because most of the work 
being done in this area has been conceived by solid physicists and not many structu¬ 
ral chemists seem to be actively involved 

It has been theoretically predicted that in favourable cases, a segregated stack 
organic metal may exhibit superconductivity at lower temperatures and the quest 
for an organic 77 K superconducting substance continues fiercely However, it is 
known that in a segregated stack compound there is a very high probability of a 
metal-to-insulator transition at low temperature (Peierls transition). The structural 
characteristic of such a transition is the appearance of unequal molecular separa¬ 
tions along the stack direction (Fig 11) The Peierls transition is the most serious 
obstacle to be overcome in developing a molecular superconductor and in order to 
obtain such a substance, the transition must be suppressed There have been three 
approaches to the problem The first is the introduction of non-periodicity and 
many unsymmetncal donois and acceptors were synthesised to modify the Fermi 
surface of the low dimensional organic metal The structural results of such synthe¬ 
tic manipulation are, however, very difficult to predict The second approach is to 
increase the dimensionality by the physical device of high pressure In the third 
approach, chemical modification has been attempted to increase the dimensiona¬ 
lity of the system When the TTF skeleton is extended by chalcogen atoms, the 
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material BEDT-TTF is obtained (Fig 10) The cation radical salt of this material, 
(BEDT-TTF)jT, is the first ambient pressure organic superconductor The most 
striking characteristic of this salt is that the S S non-bonded contacts perpendicular 
to the stack direction (parallel to the molecular planes) are actually shorter than 
those along the stack direction with the result that the dimensionality is greatly 
enhanced An understanding of molecular packing and structure are of central 
importance to all aspects of OSSC and the application of these ideas to the study 
of one-dimensional materials has all possibilities for synergistic growth 

Conclusions 

Organic solid state chemistry far from being an esoteric sub-disciplme has been 
borrowing concepts and ideas from chemistry, crystallography and physics and in 
turn seems poised at a stage when it can have considerable impact on apparently 
quite unrelated areas of research in the physical sciences The development of this 
subject might have been delayed somewhat because of unwise attempts to classify 
it as ‘organic chemistry’, ‘physical chemistry’, ‘chemical physics’, ‘crystallography’, 
‘materials lesearch’, or ‘solid state chemistry’ Happily the artificiality of such 
attempts is acknowledged today since there are so many areas of scientific endea¬ 
vour which similarly attempt to stride across the gaps between major disciplines 
There is thus in organic solid state chemistry every indication for sustained and 
healthy progress 
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The content of the paper is a review of the results in mechanochemistry of 
inorganic solids which were carried out in the Institute of Solid State 
Chemistry and directed by the author The mechanochemical processes which 
proceed in the apparatus like mills have two mam features: locality of 
processes and their impulse character When processes occur in the top of 
the crack propagated in the solid, the transition from low energy vibron level 
exitation to a h>gh one is possible The impact of preUminary mechanical 
treatment on the reactivity of solids is connected with the effect of defects 
formed dunng the treatment The results obtained are discussed in terms of 
technological application. 

Key Words: Mechanochemistry; Locality of Processes; Mechanical Treatment 

Introduction 

The reactions occurring during deformation, friction or fracture of solids have long 
been considered as physical phenomena and an approach to their control, optimiza¬ 
tion was based primarily on investigation of physical causes and effects However, 
our experience of experimental data accumulated for the past forty years has shown 
that such chemical processes are significant 

Strictly speaking, the fact that mechanical action can lead to chemical con¬ 
sequences was not a discovery Since the first attempts by Man to obtain fire by 
friction and to the more recent data on the possibility of ignition and detonation of 
certain solid explosives, it has come to light that chemical reactions may be initiated 
by mechanical means. But it was unexpected that while on one hand, the mechano¬ 
chemical processes embrace a wide range of effects in nature and engineering on the 
other they are unusual and are not confined to reactions induced by heat evolved 
during mechanical action which phenomenon became known quite recently. 

Striking effects have been found and unusual chemical reactions have been 
discovered Thus, gold which is well known to everybody not to be attacked by 
oxygen of the air under ordinary conditions, at the moment of mechanical action 
reduces even carbon dioxide,^ mechanical treatment of metals changes their 
position in electromotive series ^ Oxides and salts hardly soluble even in concent¬ 
rated acids being dissolving in diluted aqueous solutions of the acids and even in 
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water.''*-’ The data are available that at the moment of mechanical action the 
diffusion coefficients of solids may increase many times over At the moment of 
mechanical action certain compounds begin decomposing through unusual mechanism 
quite unlike the thermal one « 

At the same time the progress of present-day engineering raises a problem of 
development of new uncommon, non-thermal methods for initiating reactions in 
order to intensify such important industrial processes as the leaching of nuneral 
raw materials in metallurgy, the activation of components of binding agents in 
construction industry, an increase in reactivity of ingredients of metallic or non- 
metallic powder-mixtures in powder technology, the new and uncommon methods 
for solid-state synthesis in chemical industry, etc Taken together these factors make 
investigations of chemical processes, brought about by mechanical action, extremely 
urgent and important. 

The questions which should be answered first of all are : how and where do 
these processes take place. The question of where these reactions proceed is not 
usual for classical inorganic chemistry Indeed, when investigating a reaction in 
gases and liquids, except in a few special cases, the probability for the reaction to 
proceed is generally the same all over the bulk Mechanochemical processes, 
like most other heterogeneous processes, occur locally and therefore, the question 
of the exact site of the reaction course is quite natural. Experience shows that 
it IS normally either the site of contact between the reactant and an object 
which produces mechanical action on the system or the sites of contact between 
particles of the solid—where pressure and stresses are primaiily concentrated. 

From the sites of contact the reaction zone can spread over the neighbouring 
regions of the crystal due to various processes of relaxation—heating, formation 
of a new surface, or imperfections or chemical transformations The rate of these 
processes of relaxation may be highly different Thus, a crack in brittle solids can 
propagate at a velocity close to that of sound, the velocity of heat wave is deter¬ 
mined by the magnitude of thermal gradient and by the thermal conductivity; the 
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process of elastic stress relaxation due to formation of lattice defects may proceed 
very slowly requiring hours, days and even years to obtain equilibrium The 
change-over from one way of stress field relaxation to another depends on the 
nature of substance, conditions of mechanical interaction between particles (rela¬ 
tions between the loading of the sample and the shear), and, with other conditions 
being equal on the amount of energy absorbed by the solid. Chart I shows the 
change-over from one way of a relaxation to the others as the absorption of energy 
increases resulting in occurrence of the stress field. At the bottom of Chart I, chemi¬ 
cal consequences of energy relaxation by different routes are presented. 

Mechanical treatment of the system, altering conditions of the chemical reactions 
course, may be permanent or periodical 

In the first case we have examples of change in reactivity of solids under the 
influence of permanent stress field generated, for example, in a Bridgeman’s anvil 
device. It is known that these processes depend on the time of treatment, and 
their degree of transformation depends on mechanical work done on the system. In 
the case of Bridgeman’s anvil device this work is determined rather uniquely by 
the turning angle of the anvil. These processes are well covered in detail m literature 
and will not be discussed in this paper. 

The other case is a change in reactivity and the excitation of chemical processes 
in solids after mechanical treatment at regular intervals, as it takes place, for 
example, in various apparatus, mills. The characteristic property of such processe 
IS their locality ■ the region where the process occurs is normally confined to the 
region of contact between the particle deformed and a grinding object, or other 
particles. The second peculiarity of this process is its pulsed character which we 
have pointed out previously * In apparatus commonly used for grinding, the 
formation of the stress field and its relaxation occur at regular intervals by subject¬ 
ing a solid to a sequence of mechanical pulses following one after the other. A 
schematic representation of these pulses is shown in Fig I. Every pulse charac¬ 
terises the occurrence of the stress field in the region being treated (the left-hand side 
of the pulse) and its relaxation leading to various physical and physico-chemical con¬ 
sequences (the right-hand side of the pulse) 

Being characteristic properties, both locality and pulsed behaviour of mechano- 
chemical processes, however, present experimental difficulties in studies of 
mechanochemical processes if the study is performed correctly (i e with averaging 



Fig 1 Pulsed character of mechanical action The left-hand side of the pulse—the formation of 
stress field The right-hand side—its relaxation by different routes 



MECHANOCHEMISTRY OF INORGANIC SOLIDS 


403 


neither the site where the reaction proceeds, nor the time of the process, what some 
investigators used to do) 

As an example of this one may consider study of chemistry of processes 
occurring at the tip of a moving crack During early twenties of this century Griffith 
suggested that at the tip of a moving crack high temperatures and pressures were 
developed Their existence was then supported by direct experimental studies 
carried out at Cambridge, Karlsruhe, Leningrad, and Novosibirsk It was shown 
that the tip of the moving crack is surrounded by the field of high temperatures and 
pressures which can very with the velocity of crack propagation and physico-chemical 
properties of the substance through which the crack passes. 

In the early seventies in one of the papers dealing with a kinetic model of 
mechanochemical processes,® the present author suggested that if the chemical reac¬ 
tion, induced at the tip of the moving crack, proceeds through several concurrent or 
successive stages then a change in the reaction mechanism should be expected as 
compared with the same reaction excited by thermal way The concentration of 
energy at the tip of the crack and pulsed behaviour of the process are responsible 
for this. 

For the last twenty years expenmental data were accumulated which supported 
our assumption These experiments were pei formed jointly by our laboratory and 
the physicists of the Leningrad Physico-Technical Institute The set-up used in 
these experiments is represented schematically m Fig 2, where 1 shows the support 
for crystals in the ion source of a transit-timed mass-spectrometer, 2, the knife for 


H 



Fig 2 Schematic representation of expenmental set-up for investigation of gas content formed at 
the tip of a moving crack (see explanation in the text) 
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cleavage inserted into a holder 3; 4 indicates the crystals of substance under study, 
5 the system of silphons allowing the displacement of the support in a horizontal 
direction and that of the knife in vertical one, 6 shows the camera of the ion 
sources, 7 the net; and 8 the tube of the spectrometer. For example, this was shown 
in experiments on mechanical cleavage of alkali nitrates single crystals directly in 
the ion source of a mass-spectrometer. It is shown that if the velocity of crack 
propagation is sufidciently high, nitric oxide rather than oxygen is evolved as a 
gaseous product, during the cleavage of bromates from rather than oxygen is 
evolved, etc. The composition of products of the reaction differs from that 
of the thermal decomposition products. When the crack velocity decreases this 
effect disappeared and a usual thermal mechanism of decomposition is realized. 

The cause of the observed effect appears to be the fact that at high crack veloci¬ 
ties, the higher vibronic states are excited and at low velocities, as well as during 
thermal decomposition, the lower states are excited. 

Recently, it has been possible to observe this effect with other compounds, for 
instance, lodates, chlorates, and to employ it for investigation of the crack multipli¬ 
cation along the curves of gas evolution.^^ 

As the first approximation, this may be shown in the following scheme in 
Fig. 3, where various ways of decomposition of the mtrate-ion are represented. 
The excitation of nitrate to the lowest vibronic state corresponds to its transition 
to the metastable state on account of nitrate-ion stretching; oxygen and nitrate 
ions are the products of the reaction If the next vibronic state is excited 
(deformation of the nitrate ion by compressing rather than by stretching corres¬ 
ponds to It), the rupture of bonds occurs within the nitrate-ion to give nitrous oxide 
and the ion. 


0 
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Another aspect of the question is the investigation of quick local variations 
in the crystal structure at the moment of mechanical action on the substance. Until 
recently, this problem was considered to be very dilRcult and even hopeless in 
respect of the short-lived metastable structural states However, the use of accele¬ 
rators as a source of synchrotron radiation, which has intensity of radiation several 
orders greater than that for X-ray tubes, makes it possible to study structural changes 
in solids during mechanical action. 

The Institute of Solid State Chemistry of the Siberian Branch of the Academy 
of Sciences of the USSR and the Institute of Nuclear Physics devised jointly a 
diffractometer for synchrotron radiation which enables one to record a diffraction 
pattern and to put it into storage of an electronic computer in 10~® sec, and also 
to resolve points with an accuracy of 1 hair space msec for repeated processes. Such 
a high resolution enables one to record the development of distortions in metals 
under deformation, relaxation of distorted structures, and to identify quick phase 
transitions. Since the intensity of the beam is high, it is possible not only to increase 
the time resolution, but also to follow the changes localized in small regions of the 
sample Thus, during deformation of tin metal with a ruby cutter it was found 
that in the local regions with a size not above 0 1x0 Im, an increase in pressure 
occurs and the transformation of tin into a metastable crystalline modification with 
the area of stability above lOkbr proceeds When unloaded, the metastable modi¬ 
fication very rapidly transforms into the stable state.’® 

Similar results concerning very strong but rapidly vanishing distortion of the 
lattice were obtained from silver single crystals 

In addition to detecting structural changes occunng as a result of the stress 
field relaxation (i.e. process relating to the right-hand side of the mechanical pulse), 
the synchrotron diffractometer may be used for studying processes occurring during 
formation of the stress field (i.e, the left-hand side of the mechanical pulse) As an 
example, Fig 4 presents the results of studies on changes in the linewidth of lithium 
fluoride during mechanical action It is seen that after the stress field has appeared, 
the formation of lattice distortions, which leads to line broadening, proceeds not 
immediately, but after some milliseconds 

The influence of mechanical pretreatment is another problem under study in 
mechanochemistry of inorganic solids From the above it follows that, m essence, 
the consequences of the stress field relaxation is also the question, the consequences 
being long-lived In spite of the fairly widespread opinion that the primary effect 
of mechanical pretreatment is the dispersion of solids and formation of a new 
surface, the formation of linear and point defects was found to occur along with the 
formation of a new surface (see Chart I) The characteristic feature is that m this 
case the defects are formed with non-equilibrium density and the state of solids thus 
obtained should be classed as a metastable one Thus, mechanical treatment when 
affecting a solid by short but powerful pulses results in formation of the “active” or 
the so-called “metastable” state 

In connection with the great present interest shown in the properties of meta¬ 
stable states, their production and application in technology, we shall dwell on 
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Flo 4 Change of half-width of line and amplitude in Debye diffraction pattern from hthium 
fluonde m the course of its deformation recorded with a diffractometer SI. 

this question particularly. Metastable states are known to be formed as a result of 
storing energy by solids and the following quenching of excited states in the crystal. 

There are many various methods for obtaining metastable stales. Among 
these are the rapid freezing of metals, and vapour condensation on a cooled surface, 
and intensive light and electron beams irradiation Sometimes reactions frozen 
m the certain stages of their course are used for this purpose Plastic deformation 
of a solid may be also used to obtain metastable states As it is seen from 
Table I, the mechanical method for obtaining mctastable spates may lead to 
three basic types of sources of metastability compositional, structural and morpho¬ 
logical. A fairly large amount of energy accumulated by a solid is achieved 
(0 2-0 8 i?r) 

There are two approaches to estimate the influence of mechanical pretreatment 
on the reactivity of solids One of them takes into account an incicase in the free 
energy of sohds occurring as a result of increase both m enthalpy and entropy terms 
in the equation for the Gibbs thermodynamic potential in the course of mechanical 
treatment A change m the potential (or the free energy, since the solid state 
IS the cues;ion) may be defined using the notion of activityintroduced by 
Huttig 

G* —• G = yf® 

As the free energy changes so the equilibrium constant related to it by the 
relation AG = — RTlnK^ must also change An increase in activity as a 
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Table I 


Methods of obtaining metastable states 


Methods 

Types of 

Rate of quenching 

E, RTJIO 

... 


disturbances 

sec~^ 


Quick Cooling of Melt or Crystal 

c 




{a) freezing of melt on cooled surface 

s 

lOMO® 

0.2-04 


(b) Lazer melting 


10« 

08 


Condensation 





(а) of vapours 

(б) electrochemical 

c 

10« 

0.9 


(c) chemical 

Irradiation 

M 




(a) with heavy particles 

(b) ionic implantation 

(c) cross beams condensation 

c 

10» 

0.5 


Action of Mechanical Pulse 

C,S,M 




Mechani- (a) free shock 
cal appa- (b) shear 
ratus (c) shock -f shear 


10+^ 

0 2-0.8 


Shock waves 

C'-compositional 

5-structural 

M-morphological 


10‘* 




consequence of mechanical treatment both for exothermal and endothermal reactions 
always lead to increased deviation from equilibrium and therefore to increased 
reaction rate 

The storage ot the excess energy accumulated by a solid can be checked either 
by calorimetric measurements (for example, by determining heats of dissolution) or 
by using DTA technique^'^"^* (as a difference between enthalpies of activated and 
non-activated samples) 

The other approach to estimation of effect or preliminary mechanical treat¬ 
ment IS in consideration of properties of specific defects generated during mechanical 
treatment, and of peculiarities of solid-state reaction mechanism.^® Not only is 
the amount of energy accumulated by a solid important for accelerating one or 
another chemical solid-state reaction, but the types of defects involving this energy 
are also of importance The point is that depending on what mechanism of the 
reaction is and what step is rate determining, different chemical processes are 
sensitive to various types of defects in a different manner Therefore, the task of 
investigation is to find, which defect this reaction is especially sensitive to, in order to 
select such a way of treatment of a solid, which involves the maximum concentra¬ 
tion of these defects 
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With such a statement of the question one can not restrict oneself to measuring 
integral quantities such as excess heat of dissolution. X-ray line broadening, etc 
The problem inevitably arises to obtain by various physical methods a direct infor¬ 
mation on what processes occur during mechanical treatment and what defects are 
therewith generated As an example of such an approach, the results of investiga¬ 
tions undertaken by us jointly with the Institute of Physical Chemistry of the 
Academy of Sciences of GDR can be cited These investigations were carried out 
on mechanical activation of apatite with the aim of developing new methods for 
obtaining phosphate fertilizers without processing the ore by acid As is well 
known, this problem confines to the increase of reactivity of apatite towards acids. 
Apatite is hardly soluble in aqueous solutions of weak acids therefore, it should be 
expected that the rate-determining stage of the process is not the processes of trans¬ 
fer through the layer of saturated solution which borders on the surface, but a 
chemical reaction on the surface 

The mechanism of this reaction is m the reaction of complexing between ions of 
the ligand available in the solution or water molecules (if it is aquacomplex) and 
cations or anions composing the lattice. Whether the ions go into the solution or 
the process confines to the adsorption of the ligands on the surface depends upon 
the relation between the energy required for removing the ion from the lattice and 
the energy released as a result of interaction between the ligand and the ion of the 
complexing agent. With a given composition of the solution we can alter the first 
of these two components by generating various crystal defects which loosen chemical 
bonds in the lattice Dislocations and boundaries of blocks may be such defects 
first of all Therefore, the treatment of a solid with high-power mechanical pulses 
leading, as was said, to the formation of such defects may be used as a method 
for increasing the reactivity of apatites and phosphorites. Recently, Australian 
chemists have managed to show by direct observations with electron microscope 
that It IS dislocations which are the sites where the dissolution of apatite crystal 
begins 

Experimental investigations undertaken by us have shown that, m fact, if 
mechanical treatment results in plastic deformation and accumulation of defects in 




Fig 5 A scheme showing the change in environment of the iron-oxygen group in the course of 
mechanical treatment (A) crystallochemical scheme , (B) relative position of (cations 
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apatite crystals (as determined from line broadening in Debye diffraction patterns 
and changes in structure of EPR spectra for paramagnetic marks in apatite crystals), 
the solubility of apatite in initators of soil acids—the solutions of ammonium citrate 
and critic acid increases In some cases this increase may be fifteen-fold or even 
twenty-fold, allowing the mechanical treatment of apatite to be used as a non-acid 
method for preparing phosphate fertilizers 

If mechanically activated apatite is heated to 350-400 °C the crystal defects are 
annealed and hence the reactivity of apatite decreases 

In contrast to the activation of apatite, where the accumulation of energy occurs 
■due to the formation of the large number of dislocations, the mechanical activation 
of forrites offers an instance where the formation of metastable states takes place 
■due to the redistribution of three- and two-valence cations over octa and tetra- 
positions Experimental data, obtained in our Institute, have shown that, in 
the course of mechanical treatment, it is to carry out the deformation of the crystal 
in such a manner that the shear of the oxygen planes with respect to each other is 
realized. The displacement is especially considerable in the (111) planes where they 
are shifted on vector which is shorter and not coincident with the vectors of the 
face-centered cubic oxygen lattice typical for spinels. As a result, the spatial 
arrangement of oxygen ions exhibits no long-range order through the cubic close 
packing of oxygen sublattice is retained Locally, the oxygen sublattice may 
comprise, for example, a superposition of cubic and hexagonal layers In conse¬ 
quence, the number of the nearest octa-sites corresponding to the angle of the 
cation-anion-cation bond changes (Fig 5). This bond is known to be responsible for 
the main physical and chemical properties of spinels As this takes place, there 
appear exchange-bound pairs cation anion-cation with an angle of the bond 
different from the right angle (90°) typical for common ferrites-spinels (Table II). 

Table II 

The number of the nearest octa-sites for an arbitrarily chosen cation as a function of 
the type of oxygen sublatttce packing in spinels 


Local type of oxygen sublattice packing The number of the nearest octa-sites 

corresponding to the angle of the 
cation-anion-cation bond 



7r 

90° 

122“ 

180° 

Cubic CA (cation) BC 

0 

12 

0 

6 

Hexagonal BA (cation) BA 

2 

6 

12 

0 

Hybrid I BA (cation) BC 

1 

9 

6 

3 

Hybrid II CA (cation) BA 

1 

9 

6 

3 


Due to this, a change in magnetic properties of spinels takes place Mechanical 
activation results also in amorphization of structure The model of the structure 
of amorphous solids is a random close packing of rigid spheres.^® According to 
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this model, the vacant large octa-sites have the highest occupancy probability m the- 
oxygen sublattice This is also supported by experimental data of the Mossbauer 
spectroscopy, according to which, all the cations initially occupying tetrahedral 
interstices are moved into octa-positions in the course of mechanical activation 
The physical consequence of this influence upon ferrites spinels is an increase of 
magnetic ordering during mechanical activation (fact is of interest by itself, since 
we used to think the reverse). The chemical result is unusual properties of spinels 
treated in such a way. Thus, it is well known that when treating zinc ferrite with 
acid solutions, the zinc cations are leached out from zinc ferrite in the first instance, 
then the three-valency iron ions go into the solution In the case of mechanically 
activated ferrite, the opposite picture is observed 

Thus, mechanical activation leads to a new method of obtaining amorphous- 
ferntes-spinel Its obvious advantage is the possibility to carry out amorphization. 
through several stages and to control the degree of disordering at each stage. 

Similar results are obtained for other compounds related to ferrites-spinels 
m structural type For example, in the case of binary sulphides, mechanicaf 
treatment leads to the change of lorn coordination from tetrahedral to octa- 
hedral.*^ 

The use of raechanochemical methods for intensification of processes occurring 
between solids offers radically new and promising possibilities. It is well known 
that the rate of these rections in their initial stages is determined by the number of 
contacts between the reactant particles and by the area of these contacts. As the 
reaction proceeds, the resulting layer of the solid product separates the reactants,, 
and the diffusion of the reactants through the product layer becomes a rate-deter¬ 
mining stage of the process. Conducting simultaneously mechanical treatment and 
heating one may achieve a permanent renewal of contacts between solid particles 
and permanent change of the reaction mechanism from the diffusion range to the 
kinetic one.® Thus, it has been shown in a paper®® that if a mixture of oxides forming 
ferrite is heated and treated simultaneously in a vibratory mill the temperature of the 
synthesis can be decreased by several hundred degrees 

If, along with two components, there is a liquid in the system, for example, 
water and the relation between the solid and liquid phases is so that the solid 
particles can form a labile framework structure,®^ it may be expected that when a 
mechanical pulse is delivered to the system a pressure pulse initially occurs in the 
system Since the liquid is more mobile than the solid particle forming the frame 
the liquid will pass from the region of elevated pressure to the region with lesser 
pressure The filtration of the liquid through pores will lead ultimately to elevated 
temperature, so some time there will be condition of elevated pressures and tempe¬ 
ratures in the system In Fig 6, the shaded area corresponds to these conditions 
This enables one to realize mechanochemical processes, such as hydrothermal synthesis 
pressure leaching, which require special apparatus ® 

Finally, the so-called “mechanical alloying” should be also classed to the 
processes occurring between solids This process is in obtaining metastable states 
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Fio 6 A scheme showihg the occurence of high pr^ures and temperatures during mechanical 
treatment of pulp 

due to the consequent alternation of the grinding and welding stages is mixtures of 
•two metal powders 

Not concerning with the physical and metallographic consequences of mechani- 
•cal alloying, well known from literature, we shall dwell here in more detail on 
the chemical consequences of mechanical alloying. Very often mechanical alloying 
leads to a sharp increase of reactivity of solids The formation of the so-called 
supercorroding alloys for the quick preparation of hydrogen from water can be cited 
as a good example 

Another example is a rise in reactivity of metals towards hydrogen during their 
treatment in mixture. Thus, mechanical alloying of a mixture of magnesium and 
nickel powders results in an increase of reactivity up to the level close to that which 
is reached in this mixture by the way of fairly complicated technology comprising 
several alternating stages of melting and sintering of resulting powder An 
increase in reactivity of the metallic mixture takes place not as a simple result of 
increased mterphase surface but as a consequence of formation of defect region 
bordered on this surface Thus, experimental data obtained in our laboratory have 
shown that in mechanical alloying of a mixture of magnesium and nickel the displace¬ 
ment occurs, favouring the process of hydrogenation 

III. Technological Problems—The Use of Mechanochemistry, the Choice 
OF AN Activator and Regime of Mechanical Treatment 

Based on the above scientific approach to the understanding of raechanochemical 
processes and changes of reactivity of solids in consequence of mechanical treatment. 
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it IS also possible, in a number of cases, to make specific recommendations or intensi¬ 
fication of technological processes with the methods of mechanochemistry and on the 
choice of apparatus for this purpose, 

The first that one should know in such an approach is the peculiarities of 
the process which is to be controlled and first of all which stage of the process is 
rate-determining Knowing the rate-determining stage and the peculiarities of the 
process we should determine then to which type of defects the process under study 
IS especially sensitive and which conditions must be realized for its best course 
Depending upon the peculiarities of the process all the processes can be divided in 
several groups so as it is shown in Table III Tn the left column of the table the 


Table III 


Type of transformation 

What IS to be changed upon 
mechanical treatment 

Examples 

-> TiS) 

S 

Surface, number of active 
sites 

Preparation of 
(n) minerals of flotation 
(6) preparation of fillers for 
composites 

(c) Preparation of sorbents 


A 



Generation of non-equili- 
bnum defects in crystal 
bulk, point, one-dimen- 
sional, two-dimensional, 
face of blocks 

(a) Polymorphous transitions- 

(b) Tetragonal displacement 

(c) Abnormal distribution of 
ions in lattice 

(d) Topotaxical transforma¬ 
tion 

"'r + L(G) 

S, A 



Surface, presence of defects 
m crystal structure 

(a; Reduction of oxides with 
hydrogen 

(b) Leaching of ores 

(c) 1 ormation of carbonils 
id) Grouting 

JVj. ^ j 

S,A, N 



Surface, Presence of defects, 
number of contacts between 
particles 

(a) Preparation of titanates, 
ferrites, alumosilicates by 
reaction solid-solid 
{b) sintering of solid-phase 
mixtures 

+ T^L) Tm 

S, A,N 



Surface Presence of 
defects number of contacts, 
local increase of N at points 
of contacts 

(a) Preparation of metastable 
solid solutions of alloys 
ib) Hydrothermal synthesis 
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type of the process is given, in the middle—the factor (or factors) producing decisive 
influence on the course of the process In the right column, the examples of specific 
processes are given. 

Assume that the process takes place on the surface and its rate is determined 
by the value of specific surface or by active sites on the crystal surface as it takes 
place, for example, m flotation when the sorption of flotoreagents by minerals occurs, 
m the preparation of high-filled polymers, catalysis, etc In these cases, the 
chief condition for conducting mechanical treatment must be the realization of 
such regime which provide the maximum dispensation of the solid at minimum 
power expenditures 

In the case when the process comprises a transformation involving the rearrange¬ 
ment of the crystal lattice and this transformation may be facihtated, in contrast, 
or hindered under the influence of various defects mechanical treatment must be 
carried out in the activation regime, i e plastic deformation must be the main 
channel of the elastic stress field relaxation Thii is the case, for example, if one 
needs with the help of mechanical treatment to carry out the transformation of one 
polymorphous modification onto another, to obtain the abnormal distribution of 
ions on interstitial sites, to conduct the mechanochemical decomposition of a solid. 
If the transformation, which is to be affected, has a cooperative character e g. martan- 
sitic transitions by incorporating defects into the lattice with the help of mechamcal 
treatment one can prevent the polymorphous transition rather than accelerate it 
This IS the case, for example, in the transformation of tetragonal modification of 
copper ferrite into the cubic one 

The peculiarity of the processes which course or intensification require activa¬ 
tion IS the availability of the tin cshold energy of mechanical pulse, below which 
activation does not take place This markedly restricts and, sometimes, make 
impossible the employment of apparatus with low powei intensity (for example, 
common ball mills) for activation 

Such piocesses as the leaching of minerali. and locks, the reduction ol oxides 
with gaseous ieducing agents, vaiious reactions ol inorganic synthesis involving 
inteiaction of a liquid or geneous reactant with solids which beings on the suiface 
and then piopagatc into the bulk ci>stal, all of them foi require couisethe maximum 
coniact of icactanls, on the one hand, and the availability of potential certics ol 
the reaction-defects in the .olid phase, on the othci Since 'he fust i'. icalized by 
the way ol fi igmcnla'ion ol the ,olid c imponenl of the icaction and the second-due 
to Its activ alum, one should chose such a icgimc v't mechanical tieatmcnt whicfimvolvcs 
both tlic gi lading and activahon ol tht ‘olid 

When conducting such '.olid phase ]Moce ..e-, a . the synlhcsi. ol Icriites silicate-, 
liom solid components one should and to the two above factors—the value ot 
spccilic surlacc andciystal activity and the third—the number of contacts betv\cen 
paiticlcs ot the solid component, 'llius, it is essential to conduct mechanical 
treatment ot each component and then that of mixture so as to guild, activate and 
mix both the components Thus, in piepanng the sohd-pluve mixture to the 
reaction and m the course of the leaction one should be able to control not 
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only the processes of grinding and activation, but also the mixing process of the 
components 

Finally, the course of some solid-phase processes requires besides the above 
three factors another one . the generation of extreme values of temperature and 
pressure at the point of contacts between particles of the solid at the moment of 
mechanical action This leads to the possibility of obtaining metastable compounds 
and states at the sites of contact and their following quenching Mechanical alloying 
and hydrothermal synthesis, which we have mentioned above, may be examples 
of such processes For their course, besides factors providing the contact of the 
reactants, i e surface, particles, the number of contacts between particles of different 
components and activity of solids, associated with defects available in them, a suffi¬ 
ciently high-power mechanical pulse is required to create extreme conditions at the 
point of contact 

From the above-stated it is seen that different processes require different regimes 
of mechanical treatment This determines also the choice of apparatus for conducting 
mechanical activation. In spite of the apparent variety and diversity of apparatus 
applied in mechanical activation, all of them can be divided into three main 
classes depending on the character of elementary physical processes providing 
mechanical action (Fig. 7). The process of mechanical action, which confines mainly 
the operation of shear is realized in various apparatus such as rollers of cone-type, 
crushers, etc. The collision of a moving object with a barriei is realized in various 
apparatus such as jet-mills, disintegrator, etc Peculiarity of these apparatus is that 
the action is produced upon each specific particle 



aANETARV MILL 



PIN MILL 



ROLLLRc 


Fro 7 Types of mechanical action when employing various machines for conducting mechanical 
activation 
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And, finally, numerous grinding apparatus, from ball mills and to vibratory, 
planetary, mills, and attritors a combination of shock and shear loading is realized. 
In contrast to apparatus of jet-mills type, these machines enable one to carry out the 
solid state reaction between particles of specific components and, among these the 
presence of liquid phase Taking all this into account, one can recommend 
common apparatus for grinding applied in industry, i e mills for realization of the 
processes of the first group showing m Table III The chief criterion for their 
application is both productivity and economical operation. For the solution of 
some specific problems some specific requirements are necessary (for example, such 
as the prevention of contamination of the sample, etc) In the case of the processes 
relating of the second group, the value of energy pulse delivered to a solid is of 
importance and the expected effect is achieved only with the existence of some thres¬ 
hold energy or special character or pressure—shear relation during deformation. 
The employment of common grinding apparatus—mills for activation dose not give 
the desired effect and it is necessary to create special apparatus with high power 
intensity and sufficient time of system being under extreme conditions (such as plane¬ 
tary mills, attritors, vibratory mills with large amplitude, etc), 

The employment with this aim of jet-mills, desintegrators is lestncted in spite 
of their high power intensity, because of the little time of excitation of the system 
For intensification of the processes relating to the third group, where simultaneous 
increase of the surface and its activation are required, it is essential to carry out 
the operation of mechanical treatment at first in the regime of grinding and then m 
the regime of activation This can be done either by the consequent use of two 
apparatus • mill and mechanochemical activator or due to the work of one activator 
in different regimes. Recently, new types of apparatus have appeared in which these 
two consequent operations are carried out simultaneously 

Finally, the processes relating to the fourth and fifth groups m Table II can be 
carried out in apparatus where mechanical action is produced not upon a specific 
particle, but upon some number of them If m doing this besides a simple increase 
of the surface and the number of contacts between particles, the reactivity of the 
components is also important, a requirement arises that mechanical pulse should be 
of sufficient power The confines the field of application of apparatus to vibratory 
mills, attritors and planetary mills 

In conclusion, a few words should be said on the procedure of choosing a method 
of mechanochemical treatment for solving specific technological problems It must 
comprise m our opinion, several research stages 

1 Based on the peculiarities of the reaction mechanism one should determine 
which type of defects the reaction is especially sensitive to 

2 To determine which form of mechanical action should be chosen in order 
to obtain maximum concentration defects with minimum power imput What a 
correlation between shear and pressure must be, what an amplitude pulse and its 
duration must be, whether there is a correlation between the lime of system being 
in metastable high excited state and the time needed for the completion of the reac¬ 
tion In doing this it is important to take into account a necessity of precise 
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measuring delivered m the form of mechanical pulses Deviations from this rule 
both with insufficient power of mechanical pulses^^-*^ and with excess energy 
delivered to the system^® or excess time of treatment^® lead to considerable 
decrease in efficiency of mechanical activation and sometimes even to the reverse 
effect 

3 Then one should determine how the shear stress and pressure are 
distributed among the particles and how to obtain optimum conditions Specific 
realization depends upon the type of apparatus used for mechanical activation. 
If in the case of jet-mills or disintegrators the problem confines mainly to the 
consideration of collision between a particle and a barrier, in the case of ball 
mills and similar apparatus with high power intensity (attritors, vibratory and 
planetary mills), the distribution of pulse loading among the particles is the mam 
thing 

4 Finally, one should imagine how to repeat optimum conditions of the treat¬ 
ment of a power or a particle in order to calculate the required productivity of 
apparatus 

Additional requirement to be taken into consideration depending upon specific 
conditions of the process are such as minimization of the wear of working parts of 
apparatus, possible causes of contamination of the probe, reduction of specific quan¬ 
tity of metal and power consumption of apparatus. 

It IS quite clear that all this procedure of choosing a method may be realized 
when necessary investigations in the field of mechanochemistry of inorganic sub¬ 
stances—the subject of the piesent lecture—will be carried out 
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